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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government.  Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, of process disclosed, or represents that its use would not infringe privately owned
rights.  Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring of the United States Government or any agency thereof.  The
views and opinions expressed herein do not necessarily reflect those of the United States
Government or any agency thereof.
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Abstract

Deregulation and open access in the natural gas pipeline industry has changed the gas
business environment towards greater reliance on local energy flow rate measurement.  What
was once a large, stable, and well-defined source of natural gas is now a composite from many
small suppliers with greatly varying gas compositions.  Unfortunately, the traditional approach
to energy flow measurement [using a gas chromatograph (GC) for composition assay in
conjunction with a flow meter] is only cost effective for large capacity supplies (typically
greater than 1 to 30 million scfd).  A less costly approach will encourage more widespread use
of energy measurement technology.  In turn, the United States will benefit from tighter gas
inventory control, more efficient pipeline and industrial plant operations, and ultimately lower
costs to the consumer.

An assessment of the state and direction of technology for natural gas energy flow rate
measurement is presented.  The alternative technologies were ranked according to their
potential to dramatically reduce capital and “operating and maintenance” (O&M) costs, while
improving reliability and accuracy.  The top-ranked technologies take an unconventional
“inference” approach to the energy measurement problem.  Because of that approach, they will
not satisfy the fundamental need for composition assay, but have great potential to reduce
industry reliance on the GC.

Technological feasibility of the inference approach was demonstrated through the
successful development of data correlations that relate energy measurement properties
(molecular weight, mass-based heating value, standard density, molar ideal gross heating value,
standard volumetric heating value, density, and volume-based heating value) to three inferential
properties: standard sound speed, carbon dioxide concentration, and nitrogen concentration
(temperature and pressure are also required for the last two).  The key advantage of this
approach is that inexpensive on-line sensors may be used to measure the inferential variables,
which can then be applied (through the data correlations) to convert existing flow meters
(ultrasonic, orifice, turbine, rotary, Coriolis, diaphragm, etc.) for on-line energy measurement.
The practical issues for field development were evaluated using two transducers extracted from
a $100 ultrasonic domestic gas meter, and a $400 infrared sensor.
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EXECUTIVE SUMMARY

Background:

Natural gas value is determined by measuring the energy flow rate delivered to the
customer.  The natural gas industry in the United States has historically determined energy flow
rate by combining independent measurements of flow rate (delivery rate) and heating value
(combustible energy).  A composition assay by gas chromatography (GC) is often performed to
calculate heating value and gas properties (e.g., density) required to determine flow rate.
Composition assay is, in general, a tedious process that requires the collection of representative
gas samples and analysis of those samples using complex and expensive measurement
equipment.  As a result, the cost-effective application of such equipment has been limited by
flowing natural gas capacity (typically at least 1 to 30 million scfd).

The need to apply local energy measurement equipment throughout gas networks has
increased as a result of deregulation.  Gas supplies are no longer uniform and stable, but are a
composite from a greater number of sources.  Because of the composition variations within a
typical pipeline today, inequities may occur if the supply is assumed to be stable, or if periodic
sampling is done infrequently.  There is greater need in the open market to measure energy
flow rate on-line, even at sites with capacities below 1 to 30 million scfd.  If simpler and less
expensive energy measurement technology can be implemented, the United States will benefit
from better gas inventory control, more efficient pipeline and industrial plant operations, and
ultimately lower costs to the consumer.

A non-traditional, and more promising, approach to natural gas energy flow rate
measurement has been identified and found to be technologically feasible.  Natural gas
composition may be accurately characterized by the measurement of three inferential variables
(standard sound speed, carbon dioxide concentration, and nitrogen concentration) rather than a
detailed GC composition assay.  Feasibility was demonstrated using two ultrasonic transducers
extracted from a $100 ultrasonic domestic gas meter, and one $400 infrared sensor.

Objective:

The objective of this work was to assess the state and direction of technology for the
measurement of natural gas energy flow rate, and evaluate the feasibility of promising
alternatives.  The assessment was performed in light of industry acceptance requirements,
which largely depend on a reduction in capital and “operating and maintenance” (O&M) costs.
The technological feasibility evaluation was performed with inexpensive, commercially
available equipment.

Results:

Existing technology is capable of fulfilling technical measurement performance
requirements in the industry.  However, traditional energy measurement technology is cost
prohibitive for widespread application.  A different technological approach is required to
improve cost and reliability, while maintaining (if not improving) accuracy.
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Promising technologies were ranked according to their potential to lower costs (relative
to a GC installation) and make use of technically viable technologies.  The top three rankings
related to the use of inexpensive instrumentation to measure gross characterization properties of
natural gas, avoiding a detailed composition assay.  The project, therefore, proceeded to further
evaluate the feasibility of such an approach.

For an exploratory range of 102 different natural gas compositions (987 - 1,150 Btu/scf,
16.3 - 19.5 lbm/lb-mole, 83.4 - 98.3 mole% methane, 0.97 - 7.4 mole% total diluent
concentration, and 0.001 - 0.1 mole% C6+), successful gross inferential natural gas property
correlations were developed.  These requisite properties include molecular weight, mass-based
heating value, standard density, molar ideal gross heating value, standard volumetric heating
value, density, and volume-based heating value.  The correlations may be applied to determine
flow rate or energy flow rate from flow meters of all kinds (ultrasonic, orifice, turbine, rotary,
Coriolis, diaphragm, etc.) with knowledge of only standard sound speed, Sstd, carbon dioxide
concentration, XCO2, nitrogen concentration, XN2, temperature, T, and pressure, P.  The
feasibility of such an approach was demonstrated using two ultrasonic transducers extracted
from a $100 ultrasonic domestic gas meter (to measure standard sound speed), and one $400
infrared sensor (to measure carbon dioxide concentration).  No sensor has yet been identified to
directly measure nitrogen concentration, but indirect measurement approaches have been
identified.

Despite the successful demonstration of general technological feasibility, the
inexpensive inferential sensor designs require refinement, packaging for field application, and
prototype testing (as a package) under flowing natural gas conditions.

It is recommended that the 1999 project focus on:

(1) Extension of the data correlations to a broader range of gas compositions, and determine if
sound speed, measured at line conditions, can be easily related to sound speed at standard
conditions.  This would make a sound speed retrofit sensor unnecessary for ultrasonic
meters,

(2) Refinement of the performance of the speed of sound sensor,

(3) Refinement of the performance of the infrared carbon dioxide sensor,

(4) Development of a workable indirect approach to nitrogen measurement,

(5) Design and construction of a prototype retrofit instrument module for testing purposes,

(6) Conduction of tests with the prototype retrofit module in the GRI Metering Research
Facility at varied natural gas operating conditions.
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TASK A: TECHNOLOGY ASSESSMENT OF NATURAL GAS ENERGY FLOW
MEASUREMENT ALTERNATIVES

1.0   INTRODUCTION AND BACKGROUND –
Industry Needs and Desires for Energy Flow Measurement Technology

Virtually all natural gas produced in the U.S. is used as fuel.  As such, its intrinsic value
lies in the combustible chemical energy stored in hydrocarbon molecules (heating value).  The
delivery rate (flow rate) of such a commodity is also a critical value measurement for custody
transfer.  Unfortunately, there is presently no practical means for measuring energy flow rate
(the simultaneous product of heating value and flow rate) directly and instantaneously, so the
problem has been historically subdivided into more tenable measurement pieces.

Energy flow rate has traditionally been determined by independent measurements of
flow rate and heating value.  Flow meters are based on a number of different measurement
technologies, each of which has different measurement sensitivities and implementation cost.
Heating value is commonly determined by composition assay.  Composition assay is, in
general, a tedious process that requires collection of a representative gas sample, and gas
chromatographic (GC) analysis.  Gas samples can either be automatically collected and
analyzed using a field GC every few minutes, or collected much less frequently using manual
labor, and transported to a central laboratory for GC analysis.  In the absence of low cost
instrumentation, the application of such automated equipment, especially field gas
chromatographs, has been limited.

With the advent of deregulation and open access in the gas pipeline industry (FERC
Orders 436, 500, 636, etc.), substantial changes were experienced in the natural gas business
environment.  Large volume, long-term commodity gas contracts (usually supplying gas from
fixed, well-defined gas sources) gave way to a proliferation of small volume, short-term
transportation contracts, taking numerous gas “packages” from a multiplicity of supply (and/or
storage) fields with widely varying gas qualities.  These short-term gas packages lose their
identity when mixed (commingled) in the pipeline, and the purchaser receives whatever is in
the pipeline at his time of need.  Without a convenient and low-cost means for continuously
measuring the quality of gas entering and exiting the pipeline, neither the supplier nor the end-
user can assure quality of the commodity exchanged, nor can gas supplies be blended to assure
conformity to a quality standard (as, for example, that quality required for optimizing the
efficiency of a furnace burner).  End-users withdraw gas on the basis of energy needs.  If
energy content is low, they simply withdraw (and pay for) more gas than anticipated.

Because of the composition variations within a typical pipeline today, the assumption of
a fixed energy content based on infrequent periodic sampling can lead to energy exchange
inequities.  For example, typical pipeline-quality gas has a heating value between 1,010 to
1,030 Btu/scf, but content variations from 980 to 1,250 Btu/scf are seen in some cases.
Wellhead gas normally ranges from about 980 to 1,300 Btu/scf for naturally flowing wells.
Some West Texas wells produce 1,200 to 1,300 Btu/scf gas at high pressure, while vacuum
recovery processes can produce even higher energy gas because of high saturation limits,
sometimes up to 2,000 Btu/scf.
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For these reasons, the gas industry is in great need of accurate, reliable, and low-cost
equipment that will measure instantaneous (or near-instantaneous) energy flow rate.  Low cost
is a critical factor because price will determine the extent to which any new technology will be
accepted and implemented.

Gas producers and end-users have been the primary drivers behind the push for energy
measurement.

• Gas producers seek reimbursement for the full intrinsic value of the commodity
(energy) they provide, not just the volume of gas delivered.  For example, much of the
low-pressure Appalachian gas produced has heating value near 1,240 Btu/scf.  Because
heavy hydrocarbons can be stripped out (and sold separately) and still leave pipeline
quality gas, this rich gas is more valuable than a lower quality (e.g., 1,010 Btu/scf) gas.

• Most large end-users use the gas for fuel.  In such cases, energy content is very
important, and a few percent change in heating value can have a large economic impact.
It is important to these consumers that full value is received for the dollars spent.  Low
heating value means more gas volume must be purchased.  In addition, variations
greater than 50 Btu/scf can adversely affect burner efficiencies in furnaces and engines,
resulting in reduced operational efficiency.

• To small residential users, on the other hand, energy content is a trivial issue, so long as
gas appliances perform satisfactorily.  They rely on the local distribution companies
(LDC’s) to meet their needs and protect their interests.

• Pipeline companies (gas transporters) are caught in the middle of the energy
measurement controversy.  The pipeline itself is designed and operated on the basis of
pressure, volume flow rate, and gas density.  Compressor head curves, pipeline pressure
drop, and line pack are not direct functions of heating value.  Nevertheless, many (if not
most) pipeline companies now provide energy measurement and energy-based
transportation rates in recognition of their custodial responsibilities to their customers.
It has become necessary for accounting purposes to balance pipelines on the basis of
energy (rather than volume) and balance again (for operational purposes) on the basis of
volume.  Without well-defined energy content, it is impossible to keep both balanced.
With an energy imbalance, the pipeline company may be required to supply make-up
energy from its own pocket at a purchase price per cubic foot much higher than delivery
charges.  Conversely, the pipeline might deliver less energy than the customer has
contracted for.  An incorrect energy balance can also have a direct impact on line pack
(pipeline inventory) and gas deliverability.

In summary, the general consensus among all segments of the industry is that
accounting should reflect the value of the product, whether the gas is being bought, sold,
transported, or processed.  Traditional energy measurement technology, however, is cost
prohibitive for widespread application.  A different technological approach is required to
maintain (if not improve) accuracy, operational reliability, and cost.  Such an improvement will
benefit the U.S. gas industry through:

(1) better gas inventory control,

(2) lower capital, operating and maintenance costs for custody transfer,
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(3) tighter controls over natural gas emissions,

(4) more efficient operation of large industrial combustors, lowering polluting
combustion emissions,

(5) more precise control over gas deliverability,

(6) lower costs to the consumer.
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2.0   FUNDAMENTAL TECHNOLOGY CLASSIFICATIONS

Natural gas energy flow measurement is, fundamentally, a count of combustible
molecular bonds that pass a given location in time.  Such a direct approach, however, is not the
traditional approach, nor necessarily the most feasible approach based on modern technology.
Energy flow rate may also be represented as the product of flow rate (mass or volume per unit
time) and heating value (combustible value per unit mass or volume).

2.1 Traditional Approach with Standard Volumetric (Mass) Reference

The natural gas industry has historically measured the value of gas for custody transfer
by referencing flow rate and heating value to arbitrary standard volume flow conditions (14.73
psia and 60°F, for example).  Ultimately, when energy flow rate is computed, this arbitrary
reference condition cancels, leaving the product of mass-based flow rate and heating value:

( ) mmmstd
std

m
stdvstdvenergy HQH

Q
HQQ =





== ρ

ρ,, (2-1)

The standard gas density (density calculated at a standard reference pressure and
temperature), ρstd, is a function of the flowing gas composition only, and is strictly not a
thermodynamic property.  Arbitrary standard reference conditions have traditionally been used
to balance gas networks and bill customers, even though more direct mass or energy quantities
could be used.

Examination of the fundamental energy flow rate equations for different meter types
can reveal more direct strategies for measuring what ultimately determines value of the product
delivered, i.e., energy flow rate.  Volume-based meters, for example, include ultrasonic,
turbine, rotary, or diaphragm meters.  Mass flow rate through a volume-based meter is the
product of measured volume flow rate and gas density:

( ) ( ) ( )( )mvmm
basedvolume

energy HQHQQ ρ==
−
, (2-2)

If a differential-pressure producer like an orifice meter is used, then mass flow rate is
nominally proportional to the square root of gas density:

( )( ) ( )( )mmm
basedaldifferenti

energy HCHQQ ρ==
−

, (2-3)
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where C is a factor that includes the dependence of all other orifice measurement variables
(pressure drop, orifice bore diameter, meter-tube diameter, isentropic exponent (secondary
importance, compared to density), and viscosity (secondary importance, compared to density).

Finally, if a mass-based meter such as a Coriolis meter is used, then mass flow rate is
determined without reference to gas density:

( )( )mm
basedmass

energy HQQ =
−

, (2-4)

Such classifications are important because of the primary dependence of gas density on
composition.  Gas composition is traditionally measured through the collection of gas samples
(using either spot, on-line, or composite sampling techniques) that are analyzed by gas
chromatography (GC).  This extended process of gas property determination provides multiple
sources of potential error, and such errors are propagated primarily through the application of
gas density to determine flow rate.

The propagation of composition uncertainty through gas density makes volume-based
meters most sensitive to composition measurement errors because mass flow rate through a
volume-based meter is proportional to density.  Differential-pressure producers are half as
sensitive to composition errors because mass flow rate is nominally proportional to the square
root of density.  Mass-based meters are least sensitive because no thermodynamic properties
must be measured to determine energy flow rate.  Mass-based meters only require knowledge
of the mass-based heating value, which is a chemical property (depends only on gas
composition), and is a very weak function of hydrocarbon composition.

The mass-based heating value, Hm [Btu/lbm], is a weak function of hydrocarbon
composition because the energy released per unit mass is nearly equivalent to the energy
released per unit molecular bond.  Energy released by combustion of a carbon-hydrogen bond
from methane (C1), is similar to the energy released by combustion of a carbon-hydrogen bond
from n-decane (C10), so there is little variation in heating value of natural gas hydrocarbons
(mostly normal paraffins) on a mass basis.  This point is demonstrated by two vastly different
gas mixture compositions shown in Table 2-1.

As seen in Table 2-1, even though the standard volumetric heating values of the
mixtures differ by 53% (1,566 Btu/scf compared to 1,025 Btu/scf), the mass-based heating
value varies by only 4% (21,960 Btu/lbm compared to 22,910 Btu/lbm).  In this particular
example, the mass-based heating value is thirteen times less sensitive than the standard
volumetric heating value to the variations in hydrocarbon composition.  This effect is due to the
physical reality that normal paraffin hydrocarbon bonds are nearly identical in energy content,
regardless of the size of their parent molecule.  Larger molecules have more bonds available,
but on a mass basis the contribution is not much different.

The diluent concentrations (carbon dioxide and nitrogen) are kept constant in the
example of Table 2-1, while the hydrocarbon concentrations were varied.  That is an important
qualifier because the diluents contribute mass to the mixture, but provide no heating value.  If
the diluent concentrations had varied, greater differences might have been seen.  Whereas
diluent gases dilute Hv,std directly, their impact on Hm varies, depending on their proximity to
the mixture molecular weight.  For example, a natural gas mixture with 1 mole% helium has a



DE-FC21-96MC33033 January 1999
Final Report, Tasks A and B Page 7

higher heating value, per unit mass, than a gas mixture with 1 mole% nitrogen; the mixture
containing helium has a smaller mass fraction of diluents.  In other words, if the diluents
remain constant, as in Table 2-1, the heating value per unit mass changes very little, even when
the hydrocarbon composition varies significantly.

Table 2-1.  The weak composition dependence of mass-based heating value is
demonstrated relative to the strong composition dependence of standard volumetric

heating value, for two vastly different natural gas composition mixtures.

Gas Component
Gas Mixture #1

[mole%]
Gas Mixture #2

[mole%]

Methane 95.58 65.97

Ethane 2.037 10.16

Propane 0.381 8.32

i-butane 0.0728 2.21

n-butane 0.0652 6.53

i-pentane 0.0343 1.90

n-pentane 0.0265 2.32

n-hexane 0.0216 0.534

n-heptane 0.0153 0.190

n-octane 0.0112 0.084

n-nonane 0.0051 0.021

n-decane 0.000 0.011

Carbon Dioxide 0.750 0.750

Nitrogen 1.00 1.00

Total 100.00 100.00

Hv,std [Btu/scf]* 1,025 1,566 (+53%)

ρstd [lbm/scf]* 0.04474 0.07130

Hm [Btu/lbm] 22,910 21,960 (-4%)

*  Standard temperature and pressure are taken to be 60°F and 14.73 psia.

If a mass-based flow meter (such as a Coriolis meter) is used to measure energy flow
rate, then the only remaining measurement requirement would be Hm, which is principally a
function of the diluent concentration of the natural gas.  As long as the diluent concentration
remained relatively constant, then Hm could likely be measured very infrequently, using a spot
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sampling and analysis approach.  Greater confidence could be gained if the diluent
concentrations were measured on-line, or were inferred by measurement of some other
property.  A full composition assay would likely be unnecessary, since Hm is a weak function of
hydrocarbon composition.  If any other flow meter (orifice, ultrasonic, turbine, rotary,
diaphragm, etc.) is used to measure energy flow rate, then thermodynamic property
measurement (principally gas density) becomes a critical issue.

2.2 Actual Volumetric Reference

A non-traditional approach to energy flow rate measurement involves application of a
non-traditional reference condition for combining flow rate and heating value – the actual
flowing condition in the pipe.  This unique reference condition only has useful application for
the very common volume-based meters, such as ultrasonic, turbine, rotary, or diaphragm
meters.  Combining actual volumetric flow rate [acfh, for example] and actual volumetric
heating value [Btu/acf, for example] eliminates the need for arbitrary standard volumetric
reference conditions.  Gas networks could then be balanced on energy alone, the ultimate gas
value quantity, rather than standard volumetric flow rate.  Knowledge of other pipeline flow
properties (e.g., composition) may still be desirable, but would not be required at every
metering site.

Application of the actual volumetric reference creates a unique perspective on energy
measurement requirements.  Equation (2-2) may be re-written:

( )( ) ( )( )vvmv
basedvolume

energy HQHQQ ==
−

ρ, (2-5)

Note that whereas the mass-based heating value, Hm, is a chemical property (a function
of gas composition only), the actual volumetric heating value, Hv, is a thermodynamic property
(a function of flowing temperature, pressure, and gas composition).  As seen from Equation (2-
5), Hv can be calculated as the product of gas density and mass-based heating value, or it could
be measured directly.  Direct measurement of actual volumetric heating value, Hv, could
eliminate the need for gas sampling, composition analysis, and an equation of state to calculate
gas density [A.G.A. Report No. 8 (1994) being the industry standard]—all processes that add
expense, time delay, and uncertainty to the energy measurement process.  No such device is
currently available.

2.3 Direct Approach

Energy flow rate, by definition, is the combustible energy in molecular bonds that pass
a given location in time.  The ultimate energy flow meter would be able to identify and count
gas molecules that pass a pipe cross-section at any given time.  Reference conditions and
density calculations would have no relevance to this energy measurement viewpoint for
custody transfer of natural gas.  If the type and number of gas molecules is known, then more
traditional properties, such as standard volume flow rate, could be derived as a byproduct for
pipeline operations purposes.
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3.0   COMMERCIALLY AVAILABLE EQUIPMENT –
Accuracy, Operational, and Economic Performance

Commercially available technology has traditionally provided two approaches to energy
flow rate measurement.  The first requires a composition assay in addition to a flow rate
measurement.  The composition assay not only allows for the calculation of heating value, it is
also required to calculate gas properties (primarily gas density) that are needed to determine
flow rate.  The second approach does not require composition assay.  Instead, gas density and
heating value can be measured more directly with instrumentation that targets those properties
themselves, rather than measuring composition to calculate those properties.

Papers on total energy flow measurement have been presented at industry conferences
and training schools.  One popular source of fundamental information is the International
School of Hydrocarbon Measurement held each year in Oklahoma.  Dodds (1991) reviewed the
state of the art for energy measurement and identified three types of equipment currently used
for heating value determination in natural gas.  These are the gas chromatograph, the Cutler-
Hammer recording calorimeter, and the inferential calorimeter.

Calorimetry is a traditional energy measurement alternative to gas chromatography
(GC).  Unfortunately, the traditional calorimeter makes no effort towards the measurement of
gas density, an essential requirement of energy measurement.  Additional equipment, such as a
densitometer or GC, is also required to complete the calorimeter energy flow rate measurement
package.  GCs have replaced calorimeters in a number of applications because a composition
assay may be used to compute both required properties, heating value and density (with the
addition of pressure and temperature measurements).

3.1 Gas Chromatography

Gas chromatographs (GCs) measure composition by first separating a natural gas into
its pure gas components, and then detecting the concentration of those pure gas components.  A
gas sample is first collected from the pipeline and injected into one or more columns.  The
columns are constructed from tubing that is packed or coated with adsorbent material.  When a
carrier gas such as helium “carries” the natural gas sample through the columns, the adsorbent
material adsorbs gas components (causes sample gas molecules to stick), then desorbs
(releases) gas components at different rates, depending on molecular structure of the pure gas
components.  The net result is that the inlet gas mixture is separated such that the various pure
gas components are eluted from the columns with different residence times.  Once the columns
separate the gas mixture, the magnitudes of pure gas component concentrations are sensed at
detectors.  Field GCs typically use thermal conductivity detectors (TCDs), whereas laboratory
units may also use flame ionization detectors (FIDs) due to their increased sensitivity to
hydrocarbons in low concentration.

A trend in the GC market is towards smaller columns and detectors to reduce analysis
time and instrument size.  A detailed extended natural gas analysis (through C10) may require
45 minutes to complete.  However, HP/MTI and Daniel Industries have developed instruments
that can determine hydrocarbon concentrations through C9+ in 3-5 minutes, although many
isomers (gas components with the same molecular weight, but different molecular structure and
energy content) elute from the columns unseparated.  This is not a critical issue in energy flow
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rate measurement, however, because industry standards for calculating density (A.G.A. Report
No. 8) and heating value (GPA Standard 2172 and GPA Standard 2145) are designed for
groupings of C6 isomers, C7 isomers, etc.

Most field GCs measure separated hydrocarbon (and diluent concentrations) through
C5, then flush C6 and heavier hydrocarbons to the detector as a single C6+ concentration.  It is
then left to the user to characterize the concentration breakdown of the C6+ group, e.g., 50%
n-C6, 30% n-C7, 20% n-C8, or some other relative concentration distribution.  Most field units
require ac electrical power, containment structures for hazardous environments, and the use of
specially prepared gas composition standards (natural gas mixtures of known composition) to
calibrate detectors for each targeted pure gas component.  In the field, calibration gas standards
may require temperature control equipment if ambient temperatures can fall below the
hydrocarbon dew point of the gas mixture.

Purchase price for a GC may vary from $15,000 to $60,000, depending on the
separation, detection, and analysis quality of the unit.  A typical C6+ field unit costs around
$25,000 to $30,000.  A typical laboratory-grade machine costs around $40,000 to $50,000.
Housing, utilities, calibration gas standards, sampling systems, data communication systems,
etc. can easily double the purchase price of a unit.  Unfortunately, GCs also require regular
attention by a highly trained technician or scientist, to ensure that columns, detectors, and
switching valves are properly tuned.

Several papers have addressed the use of on-line gas chromatographs (to measure the
gas composition for gas property calculations) and a gas flow rate measurement by a turbine
meter, rotary meter, orifice meter, or ultrasonic meter.  Examples include Haas (1984), Foundos
et al. (1985), Kizer (1998), and Price (1998).  Kizer (1998) notes that GCs with modern micro-
packed columns provide faster analysis times, but are not nearly as instantaneous as
calorimeters.  Care must be taken in the analysis of the C6

+ lumped components that contain
hexanes (C6) and heavier hydrocarbons.  Kizer (1998) claims that a properly calibrated and
operated on-line GC can obtain a repeatability of ± 1 Btu/scf for a natural gas with a nominal
heating value of 1,000 Btu/scf.

3.2 Calorimetry

A calorimeter provides a very direct way to measure heating value because it burns a
gas sample and measures the heat generated.  That, in essence, is the definition of heating
value.  Commercially available calorimetry equipment, however, needs to be considered
together with densitometry because gas density is still needed for energy measurement.
Commercial calorimeters currently measure standard volumetric heating value at low pressure
conditions.  Gas density is still needed to calculate energy flow rate from most installed meters,
and may be measured either from a densitometer or a GC composition analysis (along with
flowing gas temperature and pressure measurements).  Note that if a calorimeter could measure
actual volumetric heating value (at flowing temperature and pressure), then the additional
density measurement would be unnecessary for volume-based meters (see Equation 2-5).

Van Meter (1985) states that the Cutler-Hammer instrument is the “most familiar
calorimeter in the gas industry.”  Stern (1984) reports that this device burns a stream of gas
taken from the pipeline at a constant rate with a fixed air/gas ratio.  The heat of combustion is
transferred to a flow of “heat absorbing air.”  The temperature change of the “heat absorbing
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air” is related to the heating value of the gas.  A tank of water serves to saturate and provide
temperature stability for the gas and air.  Stern (1984) states, “…as long as the manufacturer’s
installation and operational guidelines are followed, accuracy of 0.25% (approximately 2.5
Btu/scf for a typical pipeline gas) or better can be maintained.”

The Cutler-Hammer technology now belongs to Fluid Data.  It has been discontinued
and is no longer available as a new commercial item.  Reconditioned Cutler-Hammer
calorimeters can be purchased for about $7,000.  A companion vibrating element densitometer
will cost approximately $10,000 (reported accuracy on the order of 0.15%).

3.3 Inferential Calorimetry

An inferential calorimeter also burns a sample of gas in air, but instead of measuring the
heat released by combustion, it infers heating value from stoichiometric (just enough air to
completely oxidize all of the fuel) combustion properties.  Because heating value is inferred
from on-line combustion properties, this approach is characterized by a relatively fast response
time, as compared to a GC.  Like the standard calorimeter, commercial inferential calorimeters
also measure standard volumetric heating value (Btu/scf), and require the additional use of a
densitometer to determine energy flow rate at a volume-based meter.  They may also be suited
to measure the mass-based heating value (Btu/lbm), since it is an even less sensitive property of
the fuel composition.

PMI sells an inferential calorimeter that (per ASTM D-4891) fixes the air flow rate
delivered to the burner, then correlates fuel (natural gas sample) flow rate to heating value at
the stoichiometric condition.  A flame temperature sensor is used to provide feedback to
regulate fuel flow rate to the flame.  Since the stoichiometric condition occurs near a peak
flame temperature condition, the fuel flow rate is varied until a peak flame temperature is
reached.  A rich gas (high heating value) will require a lower fuel flow rate than a lean gas
(lower heating value) to reach the stoichiometric condition.  The instrument is calibrated
periodically with pure methane gas having a known heating value.

Another design maintains the exhaust gas temperature at a fixed level by regulating the
air supply to the flame, which is then correlated to heating value.  Still another fixes the airflow
rate and infers fuel-heating value from exhaust gas temperature.  Discontinued products from
other manufacturers have found the stoichiometric condition by using an exhaust gas sensor to
minimize oxygen concentration or to maximize carbon dioxide concentration.

Stern (1984) reports that the accuracy of the inferential calorimeter is comparable to the
Cutler-Hammer calorimeter and that the reproducibility is approximately ±3.2 Btu/scf.  The
cost of these devices can range from $10,000 to $50,000.  The higher-cost equipment tends to
be enclosed for placement in hazardous areas. A companion vibrating element densitometer
will cost approximately $10,000 (reported accuracy on the order of 0.15%).

3.4 Measurement Scaling

The first three devices, described in Sections 3.1-3.3, measure only the energy content
of the gas.  Vander Heyden (1991) and Sowell (1995) have described the PMI, Badger Meter,
Inc. system for real-time, direct measurement of natural gas energy flow.  Vander Heyden
(1991) notes that the PMI system does not separately measure the flow rate and the heating
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value, but it is used in conjunction with a flow meter (such as an orifice meter) that registers the
flow rate of gas through the pipeline.

The PMI TruTherm Q system measures the flow rate of natural gas in a sample line,
which is then combined with heating value measured by inferential calorimetry, to determine
the energy flow rate of natural gas in the sampling line.  That value is then scaled up to the
pipeline rate by the use of differential pressure measurements across the pipeline and sample-
line orifices, and by exploiting thermodynamic similarity (the gas composition, temperature,
and pressure is nearly identical in the pipeline and mini orifices).  The sample line “mini-
orifice” is not geometrically similar to a pipeline orifice.  In reality, it is a tortuous path
component whose flow characteristics may be different than the pipeline orifice.

Site tracking results from field tests of the PMI system are reported by the manufacturer
in Vander Heyden (1991) and Sowell (1995).  This particular measurement system is priced at
$15,000 to $20,000, depending on peripheral items selected.
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4.0   DEVELOPING TECHNOLOGY

New technology has focused on either the measurement of the gas mixture heating
value or the total energy flow rate.  Many of these approaches avoid a full characterization of
the composition of the gas mixture [i.e., by gas chromatography (GC)], or a direct
determination of heating value by combustion.  Some new technologies seek to correlate (infer)
the gas mixture heating value by measuring one or more related intermediate properties of the
gas mixture (such as sound speed, thermal conductivity, etc.) in real time.

Some of these developing technologies offer potential for very inexpensive commercial
products that may promote widespread application.  In addition to low cost, however, they must
also be capable of measuring actual volumetric heating value (Btu/acf), to reduce the
dependence on GCs in volume-based measurement applications.

A principal difficulty with developing suitable inferential technology involves the need
to correct for the presence of diluent gases.  The diluents tend to affect intermediate property
measurement(s), but do not contribute to the heating value of the gas.  Therefore, new
inferential approaches have to consider the impact of diluent gases on the accuracy of heating
value measurement.  Bonne (1995) stated that for approaches “based on measuring one
property, the achievable accuracy is acceptable only if the combined volumetric concentration
of inert gases (N2, CO2, H2O, He, etc.), in percent, is about equal to or less than the desired
accuracy, also in percent.”

4.1 Heating Value by Inference

4.1.1 Sound Speed

In recent years, transit-time ultrasonic flow meters have become popular due to their
non-intrusive nature and their demonstrated performance for flow measurement.  In some
cases, a single multi-path meter is replacing entire orifice metering stations.  Compact
ultrasonic flow meters are revolutionizing the residential market as well, particularly in Europe,
due to the ability of an electronic meter to provide value-added features beyond traditional
mechanical meters.

A hidden benefit, arising from the use of ultrasonic meters, is the measurement of sound
speed (a thermodynamic property) as a by-product of the transit-time measurements.  This
additional information may be exploited to indirectly determine other thermodynamic
properties, including heating value, of a natural gas stream.  There is evidence to suggest that
sound speed can be accurately correlated to actual volumetric heating value (Btu/acf), which
would convert ultrasonic meters to on-line energy measurement devices (see Section 2.2).  For
new installations, the ultrasonic meter could serve as a stand-alone energy flow meter.  At
existing meter stations, any other volume-based meter (such as a turbine, rotary, or diaphragm
meter) could then be retrofitted with an inexpensive ultrasonic transit-time device, to achieve
real-time energy flow measurement.

Lueptow and Phillips (1994) note that the speed of sound has been used to determine
the composition of binary gas mixtures successfully.  Phillips and Lueptow (U.S. Patent
5,537,854) describe an acoustic natural gas fuel sensor that has a flow-through chamber with a
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sound-producing emitter at one end and a sound receiver at opposite end.  A gas fuel flows
through the chamber and the speed of sound in the fuel is measured by time-of-flight through
the gas.  The Phillips and Lueptow patent claims a means for numerically relating sound speed
of the gaseous fuel to a combustion property of the gaseous fuel.  Lueptow and Phillips (1994)
demonstrate the relation between higher heating value and sound speed.   For a given sound
speed, a range of heating values was obtained that was a function of the combined quantity of
“inerts” in the gas stream.  Mixtures with low quantities of inert constituents had a greater
heating value than those with high levels of inert constituents at a particular sound speed.
Using 12 natural gas blends, the spread of data for heating value at a constant value of sound
speed is of the order of 7% for gases with inert concentrations ranging from 0 to 5%.  No
attempt was made to compensate for the diluent concentrations.

Watson and White (1981) also recognized the ambiguity that diluent gases can generate
when correlating heating value to sound speed.  However, they demonstrated that low cost
piezoelectric sensors can be used to infer heating value by transit-time measurement with a
repeatability (precision, not accuracy) of 0.02%.

The tests described above were all attempts to correlate standard volumetric heating
value [Btu/scf] to acoustic speed.  Standard volumetric heating value is the product of standard
density and mass-based heating value, and is a function of the gas composition only, i.e., not a
thermodynamic property:

(4-1)

There is no published evidence of attempts to correlate sound speed with actual volumetric
heating value [Btu/acf], which can be represented as the product of flowing density and mass-
based heating value:

(4-2)

In contrast to Hv,std, Hv is a true thermodynamic property that depends on gas composition and
flowing temperature and pressure.  An examination of Equation (2-5) reveals that Hv is the
correct variable needed to determine energy flow rate.

Kristensen et al. (1998) have developed a proprietary thermodynamic correlation
between flowing gas density and sound speed.  The correlation requires the use of known
diluent concentrations and has predicted density from sound speed (measured from a multi-path
ultrasonic meter) to within an accuracy of 1% over several different natural gas compositions.
This work provides encouragement that an accurate sound speed correlation may be drawn
between another thermodynamic property, actual volumetric heating value, and sound speed.

Unlike a GC, the transit-time ultrasonic transducer approach has the inherent advantage
of not requiring analog calibration with a natural gas of known composition.  The ultrasonic
transducers are simply used to measure the transit-time of an ultrasonic pulse between two
fixed locations.  The cost of such a conversion unit could potentially be very low, as evidenced
by the cost of residential transit-time ultrasonic flow meters.  Residential ultrasonic flow meters
may be purchased commercially for about $100.  A technological hurdle, that could add cost,
appears to be the detection and quantification of diluent gases (primarily carbon dioxide and

mstdstdv HH ρ=,

mv HH ρ=
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nitrogen), whose known concentrations would improve the accuracy of this approach.  There
are existing instruments capable of detecting such gas component concentrations, but they will
only be viable in this application if they can do so inexpensively.  Fortunately, the diluent
sensor(s) would not need to be extremely accurate, since the diluent concentrations would be
used to apply small corrections to the mixture heating value.  The diluent sensors would not
even necessarily need to measure the diluent concentrations directly, but provide some means
to infer their presence.

4.1.2 Dielectric Constant

Johnson et al.  (U.S. Patent 4,845,976) describe a different method and apparatus to
infer the energy content of natural gas.  The method relies on relating the mixture dielectric
constant to the mixture density by the Clausius-Mosotti equation, and relating the density of the
hydrocarbon mixture to the standard volumetric heating value [Btu/scf].  The method claimed
in patent 4,845,976 is to:

(1) measure the dielectric constant of the natural gas mixture (including the
diluents);

(2) pass the natural gas mixture through a separation column to extract a
mixture of diluent gases and methane;

(3) measure the dielectric constant of the methane and diluent gas mixture;

(4) use the dielectric constant measurements to calculate the standard
volumetric heating value of the natural gas mixture.

The Johnson et al. patent assumes that the concentration of diluent gas in the methane/diluent
gas binary mixture is approximately the same as the concentration in the hydrocarbon gas
mixture.

The development effort was conducted with sponsorship from the Gas Research
Institute (GRI).  The final GRI project report (Johnson et al., 1984) states that an uncorrected
accuracy of +2.5% was achieved in measuring the standard volumetric heating value [Btu/scf]
of natural gas mixtures containing diluents.  The diluents caused an overestimation of the
heating value.  The approach to correct for the presence of the diluents, outlined in the patent,
was apparently never implemented.  Johnson et al. reported (1984) that the prototype cost
$2,000 to produce.

4.1.3 Thermal Conductivity, Specific Heat, and Others

Bonne (1995) claims that more accurate heating value determinations are possible if
two or more properties of the natural gas mixture are measured.  While several combinations of
properties are possible, Bonne prefers to measure the thermal conductivity and the specific heat
of the gas mixture and to relate these measurements to heating value.  Bonne (1992) described
the operation of a gas property sensor that is identical in structure to a hot-element anemometer
fabricated and marketed by Honeywell in 1987.  When the sensor is not exposed to forced
convection, the sensor output is believed to indicate the average thermophysical properties of
the surrounding fluid.  According to Bonne (1992), a heater element is energized and a nearby
temperature sensing element registers the time-dependent increase in gas temperature.  Then,
the thermal conductivity is determined from the steady-state sensor element output, and the
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volumetric specific heat is determined from the transient sensor output and the thermal
conductivity.  U.S. Patent 5,486,107 provides many of the details concerning the method and
apparatus for the gas property sensing system.

Bonne (1992) advocates calibration of the gas property sensor using pure gases such as
methane, ethane, and nitrogen at constant temperature and pressure.  In operation, the sensor
will see a natural gas mixture containing several hydrocarbon gases and diluents.  Subsequent
research has focused on the calculation of mixture properties for gas mixtures of arbitrary
composition.  Bonne et al. (1995a,b) indicate that a consistent set of values of thermal
conductivity, kj, and specific heat, cpj , are needed for a chosen set of pure calibration gases and
an accurate procedure to compute the k and cp values for gas mixtures.  Bonne and Kubisiak
(1996) state, “…we have chosen to calibrate our sensors with two to three pure fluids and to
rely on predictive thermophysical equations for the data needed to establish universal (sensor
independent) correlations to secondary properties…”

Bonne (1995) reports a “std. compute error” of 0.46% (4.6 Btu/scf) for the heating
value using a set of 78 natural gases and 23 test gases at 15°C.  However, Bonne and Kubisiak
(1996) provide a more thorough discussion of gas property sensor accuracy.  After calibrating a
sensor’s measure of thermal conductivity for nitrogen, methane, and natural gas, they found
that the sensor output for the thermal conductivity of argon and for the thermal conductivity of
natural gas was within fractions of 1% of the correct value.  A further comparison was made
between predicted and measured values of heating value for 117 natural and test gases having a
range of heating value from 810 Btu/scf to 1,250 Btu/scf.  Using two sensed properties, the
maximum error was 3.5% and the majority of data points were within 1% of the true value.
The maximum error was reduced to 2.8% and to 2.0% by using 3 sensed properties and 4
sensed properties, respectively.  Apparently no attempt was made to measure or predict actual
volumetric heating value [Btu/acf] from sensed properties at various operating pressures.

Reynolds Equipment Company is under contract to Niagara Mohawk Power
Corporation to develop a low-cost heating value instrument for commercial introduction by the
year 2000.  According to Curry (1998), the technology is based on U.S. Patents 5,311,447,
5,235,844 and 4,501,144.  The development goal is a maximum reading error of less than ± 2
Btu/scf and an end-user cost of under $3,000.  The device yields values for specific gravity, %
inerts (diluents), standard volumetric heating value, and static pressure.

A Honeywell microbridge sensor is used to measure thermal conductivity and specific
heat of the gas mixture.  A tuning fork crystal resonator is used to measure the product of
viscosity and density.  Tests have been performed using nitrogen, methane, propane, n-butane,
and mixed gases.  Regression analysis was performed to create equations to predict heating
value, specific gravity, and percent inerts.  Additional work is in progress to use Genetic
Algorithms and Neural Networks to predict results with even greater accuracy.  Curry states,
“The sample data taken to construct the regression equations have the potential through
Artificial Intelligence techniques to improve over time.  Theoretically, within some yet
unknown limits, the degree of accuracy attained depends on the number of normal samples
used for training.  With these methods, we expect to exceed our initial accuracy requirements."
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4.1.4 Nuclear Magnetic Resonance (NMR)

The results of NMR measurements of natural gas properties, including heating value,
are reported by King et al. (1988), King and Nicholls (1990), and by King and Ni (1996). The
NMR method uses radio frequency power to excite hydrogen nuclei, which resonate in a
magnetic field.  The nuclei re-emit radio frequency signals that can be used to characterize a
flow field.

When applied to characterize a natural gas flow field, NMR measures the total
concentration of hydrogen nuclei within the sensor. In a mixture of hydrocarbon gases and
diluents, the NMR sensor responds only to gases containing hydrogen atoms, so it essentially
counts the number of combustible hydrocarbon molecules that pass a certain location in time.
This has the strong advantage that it may be applied in multi-phase flows to measure energy
flow rate.  Nitrogen, carbon dioxide, or other diluent gases would be ignored.

Even though an NMR sensor is non-intrusive and can directly measure combustible gas
value under multi-phase conditions, it is presently limited by cost.  The material costs in
making these instruments are driven by the need for sophisticated electronics and the
production of a magnetic field.  Highly qualified individuals are currently required to construct
these devices on a job basis, so labor costs are also high.  In general, an NMR instrument for
natural gas energy measurement can cost $100,000 to $300,000.  The high manufacturing
expense will severely limit its application, as compared to traditional technology.

4.2 Catalytic Calorimetry

A catalysis-based calorimeter is being developed by Ametek Corporation [see Jeffrey et
al. (1995)].  The instrument uses a catalytic bead sensor made from a platinum filament that is
coated with a catalyst material.  The sensor is heated to approximately 670°C by applying an
electrical current to the filament, then a natural gas sample is introduced to the sensor, with air,
for oxidation.  Oxidation of the natural gas sample produces a temperature rise at the sensor,
whose magnitude is related to the heat released.  The platinum filament resistance changes with
temperature and allows for electrical detection of the temperature change.

The Ametek catalytic calorimeter is not yet commercially available.  Ametek has
successfully demonstrated a prototype device to determine the standard volumetric heating
value of natural gases from 930 to 1,140 Btu/scf, “to a precision of several tenths of a percent”
(Jeffrey et al., 1995).  Ten developmental meters are currently being tested in the field.  Based
on the success of those tests, the unit may be commercially released in mid-1999.  The target
purchase price for the calorimeter is $3,000 to $4,000.

This calorimeter is designed to measure standard volumetric heating value, with
samples introduced to the sensor at reduced pressure.  Gas density is still required to determine
energy flow rate from volume-based meters.  The technology may, however, be suited to
measure actual volumetric heating value [Btu/acf].  If a gas sample is collected at pipeline
conditions instead of reduced pressure, then the heat generated by catalytic oxidation would be
related to actual volumetric heating value, and auxiliary instrumentation such as a gas
chromatograph or densitometer would not be required to measure energy flow rate from
volume-based meters.  Some additional development and testing would likely be required to
redesign the unit for such application.
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Note also that since standard volumetric heating value (Btu/scf) and mass-based heating
value (Btu/lbm) are both properties of the gas composition only, Ametek may be able to use the
device, as currently configured, to predict mass-based heating value.  That feature would make
it uniquely suited to complement a mass-based meter such as a Coriolis meter for energy
measurement.
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5.0   INDUSTRY ACCEPTANCE REQUIREMENTS

Industry’s acceptance of new energy measurement equipment will principally depend
on cost and performance.  Assuming such equipment meets existing safety and environmental
standards, the fundamental basis for its acceptance will be capital and “operating and
maintenance” (O&M) costs, and its technical performance relative to that of existing
equipment.  Economic issues associated with present energy measurement alternatives limit the
application of existing chromatographic equipment, and undermine industry’s attempts to
provide energy measurement at all custody transfer points.

5.1 Cost Criteria

In order to overcome present economic and performance deficiencies, industry has
indicated that the greatest single need for an improved energy measurement technology is to
reduce equipment costs—whether the answer lies in the refinement of existing technology or in
a totally new metering concept.  The lower the cost, the more widely new equipment can be
applied.  A system that has been improved technically, but does not produce a cost reduction,
will have very little impact on (or benefit to) industry.

The approach normally used to measure energy content in the field is to add a gas
chromatograph (GC) to an existing flow meter, along with the necessary electronics to compute
energy flow rate.  A survey of the user industry indicates that the purchase price of a dedicated
GC typically runs about $30,000.  Another $30,000 is typically required to add the electronic
systems needed for data processing and telemetry.  When housing and installation costs are
included, the total expense ranges between $60,000 to $100,000 to upgrade an existing flow
meter to energy measurement.  This does not include periodic costs to tune and maintain units.

With this prohibitive cost structure, the use of dedicated and automated near-real-time
GC data systems can be justified only at large measurement sites—typically those handling at
least 1 to 10 million SCFD.  For smaller meter sites, any of several alternative approaches are
pursued.  These include:

1. Use of “area GCs” for groups of smaller meters that share a common gas supply, and/or

2. The collection of gas samples periodically for analysis in a central laboratory or meter shop.

The problems with these alternatives are both economic and technical:

1. The equipment is still costly, in terms of both capital outlays and O&M costs required for
maintaining and operating specialized equipment by specially trained personnel.

2. The cost penalties associated with dedicated equipment often means that heating values are
estimated at many meter sites on the basis of periodic sample analyses, and substantial
errors can result if techniques are inadequate or sampling intervals are infrequent.
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5.2 Performance Criteria and Market Potential

5.2.1 Pipeline Companies

For gas transporters [transmission companies and local distribution companies (LDCs)],
the primary issue is cost.  Pipelines provide energy measurement as a service to their
customers.  Energy measurement is not a major factor in pipeline operation and control, and the
cost of buying, operating and maintaining such equipment is an added operational cost
provided for the benefit of their customers.  Its value, therefore, is strategic rather than
operational, as such measurement is deemed necessary for maintaining and expanding their
transportation market.

For pipeline quality gas (normally dry, with an energy content between 900 and 1,050
Btu/scf) the performance of existing equipment is adequate.  If properly maintained and used, it
will do the job intended and provide the accuracy needed.  It is, however, expensive to
purchase and maintain, and usually requires special skills to operate.  The primary acceptance
issue for pipelines, therefore, is cost.  Unless new technology provides a cost advantage over
existing equipment, it will have little if any impact on the transportation industry.  There are,
however, some operational advantages provided to the transporter in his role as custodian of his
client’s commodity, and in minimizing the time and costs associated with settling billing
disputes.

5.2.2 Production Companies

The intrinsic value of natural gas lies almost exclusively in its energy content, i.e., the
heat produced from its combustion as fuel.  Gas producers, therefore, place more emphasis on
“performance” of energy measurement equipment (accuracy, range of hydrocarbons analyzed,
etc.) than do pipelines.  Capital and O&M costs are still important, however, because high costs
limit the application of such equipment at field measurement installations.  Dedicated
chromatographs, for example, can be justified for only large-volume production wells or
custody transfer points.  Lower costs relate specifically, therefore, to expanding the use of
energy measurement to a wider range of (smaller) field applications.  Accurate, low-cost
energy measurement would, therefore, be of advantage both to the producer and to the end-user
in better defining value of the product exchanged.

Most of the domestic natural gas is produced wet; i.e., it is saturated with hydrocarbon
and/or other liquids that may appear as entrained droplets or liquids on the pipe wall.
Measuring the quality (composition) of such gas is difficult because present sampling
technology cannot reliably collect representative samples of the gas and liquid mixture when
multiphase flow exists.  Producers want new measurement equipment to circumvent both
sampling and analysis problems when wet gas is flowing.

Even dry gas, if it has high heating value1, presents potential sampling problems if
ambient temperatures fall below the gas dew point, or if equipment cleanliness is a problem.  In
such cases, special care is required in selecting appropriate sample collection procedures and

                                                
1 About 1,050 Btu/scf or higher, depending on the specific gas composition and operating
condition within the pipeline.
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equipment to avoid distorting the gas sample in the collection, transportation, or analysis
processes.

Most field GCs accommodate compositions from methane (C1) to hexane (C5).
Typically, the C6 and heavier hydrocarbons are lumped into a single C6

+ concentration.  This
range is adequate for most pipeline quality gas because heavier hydrocarbons (plus some of the
lighter ones) have been stripped out for separate sale or blending.  Wellhead gas, however, and
some high-energy pipeline gas often contain higher energy constituents up to about C9 or C10.
Some production companies, therefore, require extended range chromatographs that can
accommodate heavier hydrocarbons (up to at least C8 or C9), along with analysis of diluents
such as nitrogen and carbon dioxide.  Some field GCs have these extended capabilities, but are
even more complex and expensive than the more common C6

+ units.  Expanded use of such
existing equipment can only result in higher cost to the end-user.

5.2.3 The End-User

While end-users of natural gas align with production companies in stressing the need
for energy measurement, their acceptance criteria are more nearly that of the transporter
(transmission companies and LDCs).  Technical performance of existing equipment is
generally adequate, but cost considerations largely preclude the use of even existing equipment
for measuring heating value or flow rate.  End-users normally rely on the pipeline or LDC to
provide accurate flow and/or energy measurement and to maintain a gas quality compatible
with their needs.  While they stress the need for energy accountability, end-users are also
extremely sensitive to any increase in purchase or transportation costs.  The final evaluation of
cost/accuracy options will typically depend on their past experiences with energy variations in
the gas received from various suppliers.  A large end-user, such as a power plant, is extremely
sensitive to cost/accuracy issues because small variations in measured energy flow rate have a
large impact on their accumulated costs.
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6.0   RANKING OF TECHNOLOGIES

A comparative ranking of energy measurement technologies requires a standard for
comparison.  The standard in the natural gas industry is currently the gas chromatograph (GC)
installation, which is applied together with any flow meter to determine energy flow rate.  The
GC measures the detailed gas composition, which is used to calculate heating value, and gas
properties needed for flow rate.

The primary acceptance criteria for replacement of the GC are cost and performance.
The GC installation can cost between $60,000 and $100,000, as previously described, and is
normally justified only for locations that flow at least 1 to 10 million SCFD.  The most
promising technological alternatives for reducing the cost of energy flow measurement do not,
however, directly measure the composition of a gas stream.  In these alternative approaches,
energy content of the gas is inferred from bulk properties, rather than a detailed assay of the
composition.  The alternatives, therefore, do not have the inherent capability to replace all GCs,
but may reduce the number of GCs required in a gas network, and make energy measurement
cost-effective for more metering locations.

Promising technologies have been ranked according to their potential to revolutionize
the measurement of natural gas energy by lowering costs (relative to a GC installation) and
making use of technically viable technologies.  These technologies may still require some
developmental effort, but show promise for extensive application in industry.  Only
technologies with such potential have been ranked.  Technologies without such potential, have
not been considered for ranking.  For example, the NMR technology appears to be cost
prohibitive for general-purpose use, and is therefore not considered in the ranking.  All the
ranked technologies have potential to improve general-purpose operations, and ultimately
reduce costs to the consumer.

6.1 #1 Ranking:  Heating Value Inference from Speed of Sound Measurements

Since volume-based meters (ultrasonic, turbine, rotary, diaphragm, etc.) measure actual
volume flow rate directly, energy flow rate may be determined with such meters by the
additional measurement of actual volumetric heating value [Btu/acf] (see Section 2.2).  The
increased utilization of ultrasonic meters in production, transmission, and distributions systems
creates an opportunity to exploit their unique characteristics to measure more than flow rate,
and ultimately reduce costs to the consumer.  As a byproduct of transit-time flow rate
measurements, ultrasonic meters measure sound speed, a thermodynamic property of the gas.
While the desired thermodynamic property (actual volumetric heating value) is not measured
directly, it may be inferred from other thermodynamic properties such as sound speed,
temperature, pressure, etc.

Lueptow and Phillips (1994) correlated standard volumetric heating value [Btu/scf]
(which is not a thermodynamic property, but a property of the gas composition only) to sound
speed measurements with an accuracy roughly equivalent to the concentration of diluents
present in the gas.  Kristensen et al. (1998) have applied sound speed measurements from
multi-path ultrasonic meters, with known diluent concentrations, to correlate gas density within
1% over several natural gas compositions.  While neither has attempted to correlate the actual
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volumetric heating value [Btu/acf], it is clear that such a correlation is possible.  It is also clear
that, for custody transfer applications, such a correlation will require additional information
about the gas (diluent concentrations in particular, if not another property measurement such as
thermal conductivity) to differentiate gas components that alter sound speed magnitude, but
contribute no heating value.

Watson and White (1981) demonstrated that low cost piezoelectric sensors may be used
to measure sound transit time and infer standard volumetric heating value [Btu/scf] with a
precision (not accuracy) of 0.02%.  Such sensor pairs could be used to retrofit volume-based
meters that do not inherently measure sound speed (turbine, rotary, diaphragm, etc.).  The cost
of such a retrofit module can be inferred by the cost of compact residential ultrasonic meters,
which may currently be purchased for about $100.  Additional costs will likely be incurred by
the need to differentiate diluent effects, but the base capital costs to measure sound speed are
negligible as compared to the GC installation.

An additional benefit of this technological approach is the inherent potential as a
calibration-free device.  Transit time sound speed measurements reduce to the timing of an
ultrasound pulse across a known length.  Analog sensors may be required to infer diluent
effects, but these corrections are expected to be a small fraction of the final result, so
calibration of those sensors will not need to be extremely accurate or frequent.

Because ultrasonic meters are being widely accepted by the gas industry, and they have
the inherent potential to be converted to on-line energy flow meters with minimal additional
expense, this technology is given the #1 ranking.  Inexpensive transit-time retrofit modules also
have the potential to convert any volume-based meter (turbine, rotary, diaphragm, etc.) into an
on-line energy flow meter.

6.2 #2 Ranking:  Mass-Based Measurement

Mass-based measurement is also uniquely suited to determine energy flow rate without
much additional equipment, if any.  Coriolis meters, however, have not been as widely
accepted in the gas industry as ultrasonic meters, but are seeing renewed consideration in small
to medium pipe sizes (at or below 6 inch pipe diameters).  Mass-based measurement is given
the #2 ranking because a tremendous advantage may be gained by directly measuring mass
flow rate, instead of actual volume flow rate.  As demonstrated in Section 2.1, the only
additional property required to convert mass flow meters to energy flow meters is the mass-
based heating value [Btu/lbm], which is not a thermodynamic property, and is nearly constant
for all paraffin hydrocarbons found in natural gas.

If the diluent concentration of a natural gas stream does not vary significantly over time,
then a mass-based meter could be set up as an energy flow meter by an initial measurement of
gas composition.  That initial measurement could be used to calculate mass-based heating
value, which should vary more with changes in diluent concentrations than changes in
hydrocarbon concentrations.  This technology would benefit (like the #1 ranked sound speed
inference approach) from the development of inexpensive equipment to track diluent
concentrations either directly, or by inference.  Such an add-on feature could eliminate the need
for initial or periodic composition analyses, and would make mass-based meters capable of
tracking larger variations in energy flow rate.
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6.3 #3 Ranking:  Thermal Microbridge and Crystal Resonator

The Reynolds/Niagara Mohawk/Honeywell instrument, under proprietary development
by Reynolds Equipment Company, seeks to measure multiple bulk properties of the gas
(thermal conductivity, specific heat, product of viscosity and density, etc.) to infer standard
volumetric heating value and gas density.  A gas sample is delivered to the sensors (a thermal
microbridge and a tuning fork crystal oscillator) at line conditions, so it may be suited to
measure actual volumetric heating value [Btu/acf] (the property needed for volume-based
measurement of energy flow rate), even though the unit will be indicating standard volumetric
heating value [Btu/scf].  The target sales price is under $3,000, which would make it
competitive to reduce reliance on field GCs.  Field tests will be conducted with alpha units in
1999.  Demonstration tests will be critical to industry acceptance of this new approach.

6.4 #4 Ranking:  Heating Value Inference from Dielectric Constant
Measurements

The prototype capacitor developed by Johnson et al. (1984) showed promise in
predicting standard volumetric heating value [Btu/scf], but showed difficulty with polar
molecules, such as water vapor, and other diluent concentrations.  This technology, as with
others mentioned, would benefit from an independent measure of the diluent concentrations, or
some inferential sensing of their presence.

If the capacitor housing were made sufficiently strong, it may be capable of measuring
the more desirable quantity of actual volumetric heating value [Btu/acf].  This technology,
however, does not have the advantage of a close technological relationship with some flow
measurement approach (there are no capacitance flow meters), as in the case of the ultrasonic
transit time sensor.  The prototype device was reported by Johnson et al. (1984) to cost
approximately $2,000.

6.5 #5 Ranking: Catalytic Calorimeter

The Ametek catalytic calorimeter technology is used to measure the standard
volumetric heating value [Btu/scf], by catalytically oxidizing a natural gas sample (delivered to
the sensor by pressure reduction), and measuring the heat generated.  As with other
calorimeters, it is a very direct means to measure heating value.  However, the device does not
measure the actual volumetric heating value [Btu/acf] (a thermodynamic property), and
therefore suffers from the same limitation as other calorimeters – density (a thermodynamic
property) is still needed to calculate energy flow rate from all meters except the mass-based
type (see Section 2.1).  Coriolis meters, for example, require knowledge of mass-based heating
value [Btu/lbm], which is a chemical property (not a thermodynamic property) that is even less
sensitive than standard volumetric heating value [Btu/scf] (also not a thermodynamic property)
to chemical composition.

The catalytic calorimeter, therefore, may be a useful partner with the Coriolis meter to
measure energy flow rate.  It may also be possible to modify the device to measure actual
volumetric heating value [Btu/acf], by purging its sample loop at pipeline conditions (flowing
pressure, temperature, and composition), and measuring the heat generated by catalytic
oxidation of the higher density sample.  If such a modification were successful, it could be used
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with any volume-based meter to measure energy flow rate without the need to determine gas
density.

Ametek is currently performing field tests, and plans to commercially release the
product, measuring standard volumetric heating value [Btu/scf], in mid-1999.  The target
selling price is $3,000-$4,000.

6.6 #6 Ranking:  PMI TruTherm Q

The PMI TruTherm Q is a unique combination of equipment for energy flow measure-
ment through an orifice meter run.  The package includes an inferential calorimeter to measure
standard volumetric heating value from a sampling line, and a mini-orifice assembly that is
placed in a thermowell downstream of the pipeline orifice meter.  The energy flow rate of
natural gas in the sampling line is measured, and is then scaled up to the pipeline with pressure
drop measurements that are made across both the pipeline and mini orifice meters.

While the technology shows potential to address the specific needs of the widely used
orifice meter, the scale-ability of the mini-orifice (which is in reality a tortuous gas path that
produces a pressure drop) needs to be demonstrated to the industry.  Furthermore, the use of an
open flame (for the inferential calorimeter) can be a deterrent to widespread use in the industry.
The system sells for $15,000-$20,000, and requires that the inferential calorimeter be installed
in an electrically unclassified location, protected from the weather.
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TASK B: FEASIBILITY EVALUATION OF PROMISING ALTERNATIVES

7.0  THE VISION OF LESS EXPENSIVE AND MORE ACCURATE
 NATURAL GAS ENERGY MEASUREMENT

The goal of improving energy measurement technology may be approached either by
refining the traditional gas chromatograph (GC), or by exploiting a different approach that
overcomes inherent disadvantages of GC composition assay.  The cost of traditional GCs will
decrease only if major components, such as detectors, injectors, switching valves, ovens, peak
detection/integration software, etc., could be produced less expensively.  Such comprehensive
renovation is unlikely.  Even if accomplished, the process of gas mixture separation and
component concentration measurement would still remain complex.  That is why the top-
ranked alternative Task A technologies offer great promise.  Rather than refining traditional
and complicated technology, a different path is followed.

Natural gas is largely composed of paraffin hydrocarbons, whose properties are inter-
dependent because of similar molecular structure.  That inter-dependence may be exploited to
characterize the hydrocarbon energy without a detailed composition assay.  The process is
simple.  First, the diluent concentrations (predominantly nitrogen and carbon dioxide) are
quantified because they have no energy content, yet they add mass and change gas
characterization properties.  They can be measured with instrumentation of lesser accuracy
because they account for a small fraction of the whole natural gas mixture.  Second, the
remaining hydrocarbon gas components (the majority of the gas mixture) can be characterized
by inferential properties, without species differentiation.  If only one diluent component
concentration is known (carbon dioxide, for example), then a second diluent-sensitive
inferential property may be needed.

There is precedence for such inferential characterization of natural gas.  The Gross
Characterization Method of A.G.A. 8 (1994) is an equation of state for calculating natural gas
density (compressibility factor), where the composition is characterized by one of two methods.
The first assumes that volumetric gross heating value, relative density (specific gravity), and
carbon dioxide concentration are known.  The second assumes that relative density (specific
gravity), carbon dioxide concentration, and nitrogen concentration are known.

The Gross Characterization Method of A.G.A. 8 (1994) addresses the determination of
only gas density (compressibility factor).  However, the general characterization approach may
be applied to other gas properties, required for energy measurement, such as mass-based
heating value, Hm [Btu/lbm], and volume-based heating value, Hv [Btu/acf].  The Gross
Characterization Method of A.G.A. 8 (1994) may, itself, be modified to calculate gas density
(compressibility factor) using other characterization parameters that can be measured more
easily and less expensively than those of the two A.G.A. 8 (1994) methods.

Dramatic cost savings over the traditional GC installation can therefore be achieved by
determining new natural gas characterization correlations between properties that are required
for energy measurement, and inferential properties that are measured with less costly sensors.
Task B of this project was initiated with the intent to explore the feasibility of such
correlations, and simultaneously explore some of the more promising sensors.  The two project
tasks are dependent but, due to time constraints, it was necessary to choose a common starting
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point.  Therefore, three inferential properties were pre-selected so both project tasks could
proceed simultaneously.  The pre-selected Task B inferential properties are

(1) sound speed at 60°F and 14.73 psia,

(2) carbon dioxide concentration, and

(3) nitrogen concentration.

Sound speed was chosen because of the increasing popularity of ultrasonic flow meters,
which can measure sound speed as a by-product of the flow rate transit-time measurements.
One such meter, the Siemens meter, was produced for residential applications in the British gas
market.  The Siemens ultrasonic meter, which contains ultrasonic transducers and signal
processing electronics, sells for about $100.

Carbon dioxide and nitrogen concentrations were also pre-selected as inferential
properties because they are the major gas components that dilute natural gas hydrocarbons.  If
they can be quantified separately, then the sound speed property may be used to characterize
the hydrocarbon components as a whole.  Infrared absorption technology may be used to
measure carbon dioxide concentration because carbon dioxide absorbs infrared energy at a
unique fundamental wavelength.  Hydrocarbons and nitrogen tend to pass infrared energy
without absorption at that wavelength.  Commercial non-dispersive infrared (NDIR) sensors are
available.  One such sensor, the Vaisala Model GMM11C, is a complete NDIR package (not
necessarily field ready) which sells for about $400.

No commercially available and inexpensive nitrogen gas sensors have yet been
identified.  Nitrogen gas is infrared-inactive (does not absorb infrared energy at significant
levels), and is chemically stable.  Both characteristics make it difficult to directly sense.  That
does not imply impossibility or impracticality, just that there is currently no commercially
available sensor that exploits its unique features compared to other natural gas components.
Even if no inexpensive sensor is found or developed for measuring nitrogen concentration
directly, indirect methods are possible, or another nitrogen-dependent gas property may be
substituted as the third inferential property.  Task B of this project, however, has proceeded to
investigate the feasibility of the gross property characterization approach on the basis that
nitrogen concentration is known.

An additional benefit of gross characterization, although by no means minimal, is the
reduction in uncertainty sources over detailed composition characterization.  If natural gas is
characterized with fewer measured properties, then there are fewer sources of uncertainty to
compound, and fewer controls needed to maintain a particular level of overall measurement
uncertainty.
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8.0  CHARACTERIZING NATURAL GAS PROPERTIES BY INFERENCE

As described in Section 2.0, natural gas flow meters may be generally classified as
volume-based (ultrasonic, turbine, rotary, diaphragm, etc.), differential-based (orifice, annubar,
V-cone, etc.), and mass-based (Coriolis, thermal-mass, etc.).  Any of these flow meters may be
used for energy measurement, but each meter classification requires different properties to
complete the energy measurement.  For example, volume-based meters require:
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To complete the energy flow rate measurement, volume-based meters fundamentally require
only the volume-based heating value, Hv [Btu/acf], which is the product of flowing density, ρ
[lbm/ft3], and mass-based heating value, Hm [Btu/lbm].  If the traditional formulations of
standard volumetric flow rate, Qv,std [scf/h], and heating value, Hv,std [Btu/scf], are desired, then
standard density, ρstd [typically lbm/ft3 at 60°F, 14.73 psia, and the flowing composition], is
also needed.

Energy flow rate through a differential (pressure)-based meter requires:
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Note that differential-based meters fundamentally require the flowing gas density, ρ [lbm/ft3],
and the mass-based heating value, Hm [Btu/lbm].  If the traditional formulations of standard
volumetric flow rate, Qv,std [scf/h], and heating value, Hv,std [Btu/scf], are desired, then standard
density, ρstd [typically lbm/ft3 at 60°F, 14.73 psia, and the flowing composition], is also needed.
Note that the catch-all C factor contains some property dependence for viscosity, µ (through the
discharge coefficient), and isentropic exponent, κ (through the expansion factor), but these are
of lesser importance.

Energy flow rate through a mass-based meter requires:
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Only the addition of mass-based heating value, Hm [Btu/lbm], is required to determine energy
flow rate through a mass-based meter.  If the traditional formulations of standard volumetric
flow rate, Qv,std [scf/h], and heating value, Hv,std [Btu/scf], are desired, then standard
density, ρstd [typically lbm/ft3 at 60°F, 14.73 psia, and the flowing composition], is also needed
to convert from a mass-basis to a standard-volume basis.

Equations (8-1) to (8-3) describe the property dependence of different meter classes to
energy measurement, but all properties are not equally difficult to measure.  The chemical
properties depend only on gas composition (chemical characterization).  Thermodynamic
properties depend on gas composition, temperature and pressure.  Furthermore, thermodynamic
properties can become chemical properties (dependent only on gas composition) at fixed
temperature and pressure, although the chemical dependence will vary at different temperature
and pressure conditions.

Table 8-1 summarizes the energy measurement property requirements of the different
natural gas flow meter classes.

Table 8-1.  The chemical and thermodynamic property dependence of different flow
meter classes.

Flow Meter Class Chemical Property
Dependence for Energy

Measurement

Thermodynamic Property
Dependence for Energy

Measurement

Volume-Based
(Eqn. 9-1)

(ultrasonic, turbine,
rotary, diaphragm, etc.)

Hm 

ρstd

Hv,std (product of ρstd and Hm)

Hv (product of ρ and Hm)

ρ

Differential-Based
(Eqn. 9-2)

(orifice, annubar,
V-cone, etc.)

Hm 

ρstd

Hv,std (product of ρstd and Hm)

ρ

                      µ, κ                       
(lesser importance, buried in C)

Mass-Based
(Eqn. 9-3)
(Coriolis, thermal-
mass, etc.)

Hm 
ρstd

Hv,std (product of ρstd and Hm)
None

It is clear from Table 8-1 that three natural gas properties are critical to energy
measurement.  Two chemical properties, Hm and ρstd, are required by all three meter classes,
and an additional thermodynamic property (ρ) is required by the volume- and differential-based
meters.  Mass-based meters are uniquely independent of thermodynamic properties, which is an
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important advantage that makes flowing gas temperature and pressure irrelevant for that class
of meters.

It will become clear in the following sections that two additional chemical properties, in
addition to Hm and ρstd, are also very useful.  Mixture molecular weight, M [lbm/lb-mol], is
useful as a data correlation intermediary to characterize gas composition, and may also be used
to calculate ideal specific gravity.  Mixture molar ideal gross heating value, Hn,ref [kJ/mol, with
chemical-enthalpies referenced to 25°C, 0.101325 MPa], is also a useful intermediary to
characterize gas composition, especially gas density, ρ, from an existing equation of state.

8.1 Characterizing Chemical Properties

The basis of all inferential property determination is chemical characterization.
Chemical properties are constant at all gas-phase temperature and pressure conditions.  In
contrast, thermodynamic properties must be chemically characterized for all temperature and
pressure conditions of interest.  This section details semi-empirical data correlations for the
important chemical properties identified in Section 9.0, including M, Hm, ρstd, and Hn,ref.

As discussed in Section 8.0, three inferential gas characterization properties are
assumed known, namely, speed of sound at 60°F and 14.73 psia, Sstd [ft/s], carbon dioxide
concentration, XCO2 [mol%], and nitrogen concentration, XN2 [mol%].  For the purpose of
developing the data correlations, a database of 102 different natural gas compositions was
developed.  The first 51 compositions are unique.  The remaining 51 compositions were
obtained by reversing the carbon dioxide and nitrogen concentrations of the first 51
compositions.  The database composition range is summarized in Table 8-2.  The complete gas
compositions are presented in Appendix A.

The inferential properties of carbon dioxide and nitrogen concentration were determined
directly from the database.  For the purposes of data correlation, speed of sound was calculated
from the detailed gas composition database using the GRI Extended Thermodynamic Properties
code (1989) at 60°F and 14.73 psia.  By fixing the temperature and pressure, the speed of sound
becomes a function of chemical composition only (a chemical property), although it is
inherently a thermodynamic property.  The standard-condition speed of sound calculations
were checked against the Lomic SonicWare (1997) calculations (also using detailed
composition input), and they agreed to within ±0.002%.

8.1.1 Inferential Correlation for Mixture Molecular Weight, M

Mixture molecular weight was calculated, for correlation purposes, for each natural gas
composition in the database using the mixing model:
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where N is the number of pure gas components in the mixture, Xi is the mole percentage of
each component, and Mi is the molecular weight of each component (from GPA Standard 2145
(1994)).

Table 8-2.  Range of correlation database characteristics.

Gas Mixture Characteristic Range of Gas
Mixture Characteristic

Molecular Weight, M [lbm/lb-mol] 16.33 - 19.52

Ideal Specific Gravity, Gid [M/28.9625] 0.564 – 0.674

Standard Volumetric Heating Value, Hv,std

[Btu/real scf at 60°F, 14.73 psia]

987 – 1,150

C6+ Concentration [mol%] 0.0009 - 0.100

Total Diluent Concentration [mol%) 0.968 - 7.40

Methane [mol%] 83.42 - 98.27

Ethane [mol%] 0.516 - 9.53

Propane [mol%] 0.161 - 3.57

Iso-butane [mol%] 0.0355 - 0.647

N-butane [mol%] 0.0237 - 0.432

Iso-pentane [mol%] 0.0094 - 0.167

N-pentane [mol%] 0.0063 - 0.112

N-hexane [mol%] 0.0003 - 0.0654

N-heptane [mol%] 0.0000 - 0.0260

N-octane [mol%] 0.0000 - 0.0235

Carbon Dioxide [mol%] 0.0330 – 6.00

Nitrogen [mol%] 0.0330 – 6.00

Mixture molecular weight, M, plots semi-linear with standard sound speed, Sstd, where
the scatter in the data (about 1%) is a function of the diluent concentrations.  The form of the
inferential correlation is therefore chosen to be:
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A least squares curve fit of the data in the database produced the following values for the
unknown constants:

A0 = 89.599,87

A1 = 0.259,561,6

A2 = 0.842,011,2

B0 = -0.083,035,39

B1 = -3.576,14 e-4

B2 = -1.201,99 e-3

C0 = 2.227,87 e-5

C1 = 1.373,42 e-7

C2 = 4.514,62 e-7

The molecular weight, M, curve fit residuals are plotted in Figure 8-1.  The values of M
calculated from the inferential correlation (Equation (8-5)), and are largely within ±0.02% of
the values of M calculated from Equation (8-4).

8.1.2. Inferential Correlation for Mass-Based Heating Value, Hm

Mass-based heating value may be calculated, for correlational purposes, from the
following detailed composition mixing model:
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where N is the number of pure gas components in the mixture, Xi is the mole percentage of
each component, Mi is the molecular weight of each component (from GPA Standard 2145
(1994)), and Hm,i is the mass-based heating value of each component (from GPA Standard 2145
(1994)).  In the natural gas industry, it is standard practice to use chemical enthalpies (heating
values) determined at standard conditions of 60°F and 14.696 psia, even though the volumetric
basis is often converted to a pressure of 14.73 psia.  The GPA Standard 2145 (1994) provides
the Hm,i data at the accepted chemical enthalpy conditions of 60°F and 14.696 psia.
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Natural Gas Composition ID
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Figure 8-1.  Correlation residuals for the mixture molecular weight, M,
 as a function of Sstd, XCO2, and XN2.

Examination of Equation (8-6) reveals that the numerator is a function of only the
hydrocarbon composition of the natural gas, since Hm,CO2  = Hm,N2  = 0 (diluent gases have no
heating value).  The denominator is the mixture molecular weight, which is a function of all the
gas components, and was correlated successfully to inferential properties through Equation (8-
5).  Since Hm is, generally, a weak function of hydrocarbon composition, the numerator is fit to
a linear function of the hydrocarbon molecular weight, MHC, defined:
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The form of the inferential correlation is chosen to be:
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A least squares curve fit of the data in the database produced values for the unknown constants:

A = 54,343.048

B0= 20,442.406

B2= 0.045,528,71

B3= -0.025,238,03

B4= -0.025,682,12

The mass-based heating value, Hm, curve fit residuals are plotted in Figure 8-2, and are largely
within ±0.02%.

8.1.3 Inferential Correlation for Standard Density, ρρstd

Even though gas density is, in general, a thermodynamic property, the standard density
is a chemical property because it is evaluated at specific conditions of 60°F, 14.73 psia, and the
flowing gas composition.  It may be calculated from the real gas equation of state:

std

std
std TRZ

MP
=ρ (8-9)

where Pstd and Tstd  are standard pressure and temperature (absolute units), M is the mixture
molecular weight, Z is the compressibility factor, and R is the universal gas constant.  Since
Pstd, Tstd, and R are all constants, ρstd  is a function of only the variable ratio M/Z.

The form of the standard density correlation is straightforward, because M has already
been successfully correlated to inferential properties (Equation (8-5)), and Z varies only about
0.1% across the database compositions due to the low-pressure standard condition.  Therefore,
the same correlation form as Equation (8-5) is used to determine unique correlation constants
for standard density:
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Figure 8-2.  Correlation residuals for the mass-based heating value, Hm,
 as a function of Sstd, XCO2, and XN2.

A least squares fit to the database produced values for the unknown constants:

A0= 0.239,514,7

A1= 7.067,074 e -4

A2= 2.334,917 e -3

B0= -2.228,333 e -4

B1= -9.870,42 e -7

B2= -3.351,35 e -6

C0= 5.994,80 e -8

C1= 3.813,30 e -10

C2= 1.261,06 e -9
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The curve fit residuals for ρstd are plotted in Figure 8-3.  As might be expected, the values of
ρstd calculated from Equation (8-10) are largely within ±0.02% of the values of ρstd calculated
from Equation (8-9), which was implemented with the A.G.A. 8 (1994) Detail Characterization
equation of state using the gas compositions of the database as input.  Due to the molecular
weight dependence, the residuals are very similar to those for the M correlation (Figure 8-1).
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Figure 8-3.  Correlation residuals for the standard density, ρρstd,
 as a function of Sstd, XCO2, and XN2.

8.1.4 Inferential Correlation for the Mixture Molar Ideal Gross Heating Value,
Hn,ref  [kJ/mol, with chemical-enthalpies referenced to 25°C, 0.101325 MPa]

The molar ideal gross heating value, at 25°C and 0.101325 MPa reference conditions, is
important as an intermediate variable that may be used to characterize natural gas composition
for density calculations.  This very important application will be detailed in Section 8.2.  This
section, however, describes how it may be correlated to inferential variables.
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For correlation purposes, the molar ideal gross heating value, Hn,ref, may be calculated
from the database compositions:

∑
=






=

N

i
irefn

i
refn H

X
H

1
,,, 100

(8-11)

where Xi is the mole percentage of each pure gas component, and Hn,ref,i is the molar ideal gross
heating value (at 25°C and 0.101325 MPa) of each pure gas component (from A.G.A. 8
(1994)).

The form of the data correlation to inferential variables is the same as that for the
numerator of the mass-based heating value, Hm, which is also a molar ideal gross heating value
at a different reference state, and with different units:
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A least squares curve fit of the data in the database produced values for the unknown constants:

A = 123.812,71

B0= 47.412,74

B2= 2.73,661 e-4

B3= -5.711,87 e-5

B4= -5.735,74 e-5

The curve fit residuals for Ηn,,ref are plotted in Figure 8-4.  The values of Hn,ref calculated from
the inferential correlation (Equation (8-12)), agree to within about ±0.02% with the values
calculated from Equation (8-11).
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Figure 8-4.  Correlation residuals for the molar ideal gross heating
value, Ηn,ref, as a function of Sstd, XCO2, and XN2.

8.2 Characterizing Thermodynamic Properties

Thermodynamic properties are more difficult to characterize than chemical properties
because the chemical dependence must be modeled, not just once, but as a function of
temperature and pressure.  As demonstrated in Table 8-1, gas density, ρ, is the most important
thermodynamic property related to natural gas energy flow measurement.  Isentropic exponent,
κ, and viscosity, µ, are required for differential-based meters, but are less important because
they are buried in less sensitive terms (isentropic exponent is needed for the expansion factor,
and viscosity is needed for the Reynolds number).  The focus of this Section is the correlation
of gas density, ρ, to the pre-selected inferential properties of standard sound speed, Sstd, carbon
dioxide concentration, XCO2, nitrogen concentration, XN2, and, of course, temperature, T, and
pressure, P.

The U.S. natural gas industry currently has two well-accepted equations of state for
computing natural gas density (compressibility factor).  These are contained in A.G.A. 8 (1994)
as (1) the Detail Characterization Method, which requires a detailed gas composition assay to
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characterize the gas, and (2) the Gross Characterization Method, which requires inferential
properties to characterize the gas.  Both methods specify an uncertainty level of 0.1% over 17 –
143°F, 0 – 1,750 psia, and gas compositions in the “normal range” detailed in Table 8-3.

Table 8-3.  “Normal range” of gas compositions for A.G.A. 8 (1994)
 density equations of state.

Quantity Normal Range

Relative Density* 0.554 – 0.87

Gross Heating Value**[Btu/scf] 447 – 1,150

Gross Heating Value***[MJ/m 3] 18.7 – 45.1

Methane [mol%] 45.0 – 100.0

Nitrogen [mol%] 0 – 50.0

Carbon Dioxide [mol%] 0 – 30.0

Ethane [mol%] 0 – 10.0

Propane [mol%] 0 – 4.0

Total Butanes [mol%] 0 – 1.0

Total Pentanes [mol%] 0 – 0.3

Hexanes Plus [mol%] 0 – 0.2

Helium [mol%] 0 – 0.2

Hydrogen [mol%] 0 – 10.0

Carbon Monoxide [mol%] 0 – 3.0

Water [mol%] 0 – 0.05

Hydrogen Sulfide [mol%] 0 – 0.02

*  Reference Condition: Relative density at 60°F, 14.73 psia

**  Reference Conditions:  Combustion at 60°F, 14.73 psia; density at 60°F, 14.73 psia.

***  Reference Conditions:  Combustion at 25°C, 0.101325 MPa;
density at 0°C, 0.101325 MPa.

The current A.G.A. 8 (1994) Gross Characterization Method allows the user to
characterize the gas using one of two inferential variable sets:

Method (1): volumetric gross heating value, relative density, and carbon
dioxide concentration, or

Method (2): relative density, carbon dioxide concentration, and nitrogen
concentration.
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This section focuses on the development of a new third method:

Method (3): standard sound speed, Sstd, carbon dioxide concentration, XCO2,
and nitrogen concentration, XN2.

The A.G.A. 8 (1994) Gross Characterization model is a virial equation of state, and is
cast in terms of compressibility factor, Z, as a truncated expansion of molar density, d:

21),,( dCdBncompositioPTZ mixmix
gasreal

gasideal ++==
ρ
ρ

(8-13)

where compressibility factor, Z, is a dimensionless density, d is the molar density (a function of
T, P, and composition), and the virial coefficients, Bmix and Cmix, are complicated functions of
temperature and composition.  Since Z and d are both functions of temperature, T, pressure, P,
and composition, the solution of Equation (8-13) is iterative.

The Gross Characterization method determines the virial coefficients, Bmix and Cmix, by
modeling the natural gas as a three component mixture containing carbon dioxide, nitrogen,
and an equivalent hydrocarbon component where all of the hydrocarbons are lumped together.
The equivalent hydrocarbon component is then characterized by one of the two inferential
variable sets, using them to determine a single hydrocarbon characterization parameter, HCH,
which is the molar ideal gross heating value of the equivalent hydrocarbon [kJ/mol at reference
conditions of 25°C and 0.101325 MPa].  HCH is related to Hn,ref:
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Since Hn,ref was correlated to Sstd, XCO2, and XN2 in the previous section (Equation (8-12)), HCH

is now known as a function of the pre-selected inferential variables of Sstd, XCO2, and XN2, and
can be used to characterize the equivalent hydrocarbon group for the A.G.A. 8 (1994) Gross
Characterization model.  This approach accounts for a third way of applying the A.G.A. 8
(1994) equation of state.

The most accurate way to determine HCH is from the detailed gas composition assay
using Equations (8-11) and (8-14), but that, of course, defeats the purpose of gross inferential
characterization.  However, it is useful as a means to verify the validity of the gross inferential
characterization approach for the database of natural gas compositions (Appendix A).

The A.G.A. 8 (1994) FORTRAN program subroutines for the Gross Characterization
model were modified to accept, as input, either a detailed gas composition, or the Method (3)
inferential variable set of Sstd, XCO2, and XN2, both from the database.  Natural gas density was
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then calculated using both approaches over the entire temperature and pressure2 range of the
A.G.A. 8 (1994) Gross Characterization model.  The comparison residuals are shown in Figure
8-5.  The majority of the data is well within  ±0.05%.
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* Gross Characterization density calculating HCH:
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, compared to

       (2) detailed gas composition 

Figure 8-5.  Residuals comparing density predictions from the A.G.A. 8 (1994)
Gross Characterization model, using input from (1) the inferential variables

of Sstd, XCO2, and XN2, and (2) the detailed gas composition database, over
the full temperature and pressure application range of the model.

The modified A.G.A. 8 (1994) FORTRAN program subroutines, along with a driver
program, are listed in Appendix B.  Only one A.G.A 8 (1994) subroutine, CHARGS, has been
modified to determine HCH differently.  The remainder of the A.G.A. 8 (1994) subroutines,

                                                
2 Note that a pressure limit of 1,740 psia is programmed into the A.G.A. 8 (1994) code, and
was not exceeded, despite the A.G.A. 8 (1994) report’s specification of 1,750 psia.
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including the computation and application of all interaction virial coefficient terms, are
unchanged.

One additional Gross Characterization comparison was made to evaluate the relative
accuracy of the A.G.A. 8 (1994) Gross Characterization state equation compared to the A.G.A.
8 (1994) Detail Characterization state equation.  Detailed gas compositions from the database
were applied as input to both density state equations.  The comparison differences are shown in
Figure 8-6.  Most of the 14.73 psia and 875 psia data is within ±0.05%.  At 1,740 psia, the
differences are larger, although mostly within ±0.25%, with the greatest deviation of 0.6%
occurring at 17°F.  It is unclear which state equation is closer to the true value.
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Figure 8-6.  A comparison of A.G.A. 8 (1994) density state-equation predictions.  The
Gross Characterization model is compared to the Detail Characterization model, using

detailed database gas compositions as input to both models.
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9.0  FEASIBILITY EVALUATION OF INFERENTIAL
PROPERTY-SENSING TECHNOLOGY

Inexpensive sensor technology was identified for two of the three pre-selected
inferential variables (standard sound speed, carbon dioxide concentration, and nitrogen
concentration).  The Siemens ultrasonic domestic gas meter sells for about $100, and contains
ultrasonic transit-time transducers and signal processing electronics.  The manufacturer
provides flow rate as an output variable, but not sound speed.  However, the inexpensive
technology appears capable of accurate sound speed measurements.  Infrared absorption
technology also appears capable of measuring carbon dioxide concentration.  The Vaisala
Model GMM11C is a complete NDIR package, that sells for about $400.  No inexpensive
sensor technology has yet been identified for direct nitrogen concentration measurement.

The performance specifications of inferential sensors must be driven by the desired
uncertainty in the final energy measurement result, and the sensitivity of the characterization
equations to the measured inferential variable.  This section, therefore, begins with a discussion
of the sensitivity and uncertainty propagation of inferential variables.  The sections that follow
provide feasibility assessment data results for the two as-is inferential sensors that have been
identified.  Alternate means to determine the nitrogen concentration are also addressed.

9.1 Uncertainty Specifications of Inferential Variables

The gas energy measurement equations (Equations (8-1) to (8-3)) reveal three gas
properties essential to energy measurement, namely, mass-based heating value, Hm, density, ρ,
and volume-based heating value, Hv, which is the product of the first two.  Standard density,
ρstd, and standard volumetric heating value, Hv,std, are the result of an arbitrarily applied
reference condition that is eliminated when energy flow rate is computed.

Due to the brief nature of this technology assessment phase, there was only sufficient
time to perform a detailed sensitivity analysis for Hm as a function of Sstd, XCO2, and XN2.  Those
results follow.  The detailed sensitivity evaluation of ρ and Hv to inferential variables requires
more sophisticated numerical propagation techniques, for which there was insufficient time
available during this general assessment phase.  However, a more general evaluation was
performed for ρ and Hv, as a function of Sstd, XCO2, and XN2, which does provide a reasonable
sense of the required uncertainty in inferential variables.

9.1.1 Mass-Based Heating Value, H m

The inferential variables (Sstd, XCO2, and XN2) were jittered (perturbated) to determine
the sensitivity of the correlation equation for Hm (Equation 8-8) to the physical measurement of
those properties.  The results of that sensitivity analysis are presented in this section for all 102
gas compositions in the database.  The data are presented to show the shift (required
measurement uncertainty) in standard sound speed, Sstd, carbon dioxide concentration, XCO2,
and nitrogen concentration, XN2, that would be required to produce a shift of ±0.5% in mass-
based heating value, Hm.  The 0.5% specification was arbitrarily chosen based on the general
industry effort to reduce custody transfer measurements to levels below 1%.
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Speed of Sound at 60°F, 14.73 psia [ft/s]
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Figure 9-1.  Shift in Sstd that would produce a 0.5% shift in Hm, for each database gas
composition.  Note that the scatter is a function of XCO2 and XN2.

Figure 9-1 shows that the required uncertainty in Sstd is considerably variable.  This is
because the sensitivity coefficient of Hm with respect to Sstd (partial derivative of Hm with
respect to Sstd) is a complicated function of the carbon dioxide and nitrogen concentrations.  In
general, however, the lowest required uncertainty in Sstd to produce a 0.5% shift in Hm is about
2-3% of reading, depending on the operating point, for all the database compositions.

Figures 9-2 and 9-3 show that the required uncertainty in the carbon dioxide and
nitrogen concentrations are strong functions of the amount present in the gas.  There is some
scatter in these results also because the sensitivity coefficients of Hm with respect to XCO2 and
XN2 (partial derivatives of Hm with respect to XCO2 and XN2) are functions of the standard sound
speed.  The data shows that a 0.5% shift in Hm will occur if the carbon dioxide concentration is
in error by about 0.2 mole% (20% of reading for 1 mole% carbon dioxide), or if the nitrogen
concentration, XN2, is in error by about 0.3 mole% (30% of reading for 1 mole% nitrogen).  The
sensitivities of Hm to all three inferential properties are summarized in Table 9-1.
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Figure 9-2.  Shift in XCO2 that would produce a 0.5% shift in Hm, for each database
gas composition.  Note that the scatter is a function of Sstd.
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Figure 9-3. Shift in XN2 that would produce a 0.5% shift in Hm, for each database
gas composition.  Note that the scatter is a function of Sstd.



DE-FC21-96MC33033 January 1999
Final Report, Tasks A and B Page 47

Table 9-1.  Sensitivity of mass-based heating value, Hm,
to measured inferential variables.

Inferential
Variable

Change in Inferential
Variable Required to Produce

a 0.5% change in Hm

Sstd 2-3%, or greater, depending on
the std sound speed and total

diluent concentration

XCO2 About 0.2 mole%

XN2 About 0.3 mole%

9.1.2 Density, ρρ

As noted previously, detailed sensitivity analyses need to be performed for the
thermodynamic properties of density, ρ, and volume-based heating value, Hv to detail their
sensitivity to inferential variables of Sstd, XCO2, and XN2.  Since there was insufficient project
time to develop the sophisticated perturbation algorithm required to perform that task, a more
general discussion is presented here.

Gas density, ρ, in terms of traditional inferential properties of detailed mole-percentage
gas component concentrations, Xi, temperature, T, and pressure, P, is given by:
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(9-1)

where Mi is the molecular weight of gas component i, Z is the compressibility factor, and R is
the universal gas constant.

The change in density to any gas component concentration error may be estimated by
assuming that Z = 1, which is approximated at low-pressure conditions.  The propagation of
component concentration error (through density) may then be written by taking the partial
derivative of Equation (9-1):
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where M is the molecular weight of the composite gas mixture (as opposed to Mi, which is the
molecular weight of a single mixture component), and Uxi is the measurement uncertainty in Xi.
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First, consider the sensitivity of an inferential property of carbon dioxide concentration,
XCO2.  The sensitivity coefficient, (Mi/M) for carbon dioxide, in a common natural gas mixture,
is approximately (44/17) = 2.6.  If UXCO2 = 0.2 mole%, then the resulting change in density,
from Equation (9-2), is (2.6)(0.2) = 0.5%.  Therefore, a 0.2 mole% change in carbon dioxide
concentration propagates as a 0.5% shift in mixture density.  If one determines the sensitivity of
density to nitrogen concentration following the same approach, a 0.3 mole% change in nitrogen
concentration results in a 0.5% shift in density.

The sensitivity of density to the diluent gas concentrations is the same as was seen in
Section 9.1.1 for mass-based heating value, Hm, which is not surprising.  The diluent gases
linearly impact the denominator of the mass-based heating value equation (Equation (8-6)),
which is mixture molecular weight, M.  If one assumes that Z = 1 in the density equation,
(Equation (9-1)), then the diluent gases linearly impact density through M also.  Unfortunately,
previous work [Park et al. (1995)] has demonstrated that Z (which was neglected in this
estimate) changes the sensitivity of density to the measurement of component concentrations at
higher pressures.  That is why a detailed sensitivity analysis, accounting for the impact of Z at
high pressures, is needed.

Now consider the required uncertainty in Sstd, for a 0.5% shift in density, ρ.  Since
hydrocarbons make up the majority of natural gas, assume that MHC = M, and that the
sensitivity coefficient of Equation (9-2) is equal to 1.  Since Sstd is being used to infer the
hydrocarbon group concentration, one may surmise from Equation (9-2) that a 0.5% change in
Sstd will produce an equal magnitude shift of 0.5% in density near atmospheric pressure.  One
may also conclude that this sensitivity will change with operating pressure as Z becomes more
important. The sensitivities of ρ to all three inferential properties is summarized in Table 9-2.

Table 9-2.  Sensitivity of density, ρρ, to measured inferential variables.

Inferential
Variable

Estimated Change in
Inferential Variable Required
to Produce a 0.5% change in

ρρ

Sstd About 0.5% at low pressure,
with changing sensitivity at

higher pressures

XCO2 About 0.2 mole%, with
changing sensitivity at higher

pressures

XN2 About 0.3 mole%, with
changing sensitivity at higher

pressures



DE-FC21-96MC33033 January 1999
Final Report, Tasks A and B Page 49

9.1.3 Volume-Based Heating Value, H v

The propagation of inferential-variable measurement uncertainty through the volume-
based heating value, Hv, is considerably more difficult to estimate (without a detailed analysis),
because it is the product of density, ρ, and mass-based heating value, Hm.  Sensitivities
propagated through ρ or Hm, may be either diminished or increased by the product of the two.
However, some generalizations may be made.

The product of density, ρ, and mass-based heating value, Hm, may be written (from
Equations (9-1) and (8-6)):
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where M, the mixture molecular weight, has been canceled.

Equation (9-3) reveals that the composition-dependence of mixture molecular weight,
M, cancels when Hv is determined.  That leaves only the composition dependence of Z, and the
composition dependence of the second term (sensitive only to hydrocarbon composition,
because the diluents have no heating value).

At low pressure conditions where Z = 1, the volume-based heating value is insensitive
to the diluent concentrations, because Z is the only factor of Equation (9-3) that depends on the
diluent concentrations.  At higher pressures, where Z becomes much more important, the
diluent concentrations also become more important.  That change in sensitivity is much greater
for carbon dioxide, than for nitrogen.  As an example, consider the change in ZCO2 from (60°,
14.73 psia) to (60°, 1750 psia).  ZCO2 changes from a value of 0.9944 to 0.8696 (-13%).  Over
that same operating range, ZN2 changes from 0.9997 to 1.004 (+0.43%).  The implication is that
carbon dioxide will change the compressibility factor of a natural gas mixture much more than
nitrogen, as the operating pressure increases.

Inspection of Equation (9-3) can also reveal general expectations for sensitivity to
standard sound speed, Sstd.  At low pressures, when Z = 1, Hv will have approximately a one-to-
one sensitivity to changes in hydrocarbon molecular weight, therefore, approximately a one-to-
one sensitivity to Sstd, which is being used to characterize the hydrocarbon composition.  At
higher pressures, the changing sensitivity of Z will change the overall sensitivity of Hv to Sstd.
The sensitivities of Hv to all three inferential properties is summarized in Table 9-3.
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Table 9-3.  Sensitivity of volume-based heating value, Hv

 to measured inferential variables.

Inferential
Variable

Estimated Change in
Inferential Variable Required
to Produce a 0.5% change in

Hv

Sstd About 0.5% at low pressure,
with changing sensitivity at

higher pressures

XCO2 Insensitive at low pressure,
with changing sensitivity at

higher pressures

XN2 Insensitive

9.2  Feasibility Evaluation of Sound Speed Measurement

The feasibility of measuring standard sound speed, Sstd, with inexpensive
instrumentation was investigated using the ultrasonic transducers taken from a Siemens
domestic ultrasonic gas meter.  The meter sells commercially for about $100.  The goal was not
to optimize the performance of the as-found ultrasonic transducers.  Rather, the focus of this
work was to evaluate the feasibility of this inexpensive technology in a way that defines major
issues for later development and application.

9.2.1 Ultrasonic Methods

The term ultrasound is used to describe the range of acoustic phenomena which occur at
frequencies much higher than what is audible to the human ear (typically, greater than about 20
kHz).  It has applications in medicine, non-destructive testing of materials, and many other
fields.  More recently, it has gained wide acceptance within the natural gas industry as a
developing means to measure the flow rate of natural gas for custody transfer.

Ultrasound provides an easy way to determine the speed of sound in a gas.  However,
the low densities of gases (relative to solids) provide a poor environment for ultrasonic wave
propagation.  Furthermore, the ultrasonic absorption (attenuation) of acoustic energy increases
with frequency.  Therefore, adequate generation and receipt of ultrasonic signals is limited by
frequency.

Ultrasound energy is generated by an ultrasonic transducer.  Ultrasonic transducers
usually contain a piezoelectric element that produces mechanical vibrations when charged.  The
frequency of the generated waves depends on the characteristic piezoelectric element in the
transducer.  Transducers in commercially available natural gas ultrasonic meters tend to operate
from about 125 kHz up to several hundred kHz.

There are two general methods applied to measure sound speed with ultrasound: (1)
pulse-echo, and (2) pitch-catch.  The pulse-echo method uses a single transducer as both the
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transmitter and receiver.  As shown in Figure 9-4, the transducer and target are separated by a
known distance, D.  An ultrasound pulse is reflected by the target, and the sound speed is
related to the difference in reflected transit-time through the stationary gas sample:

t

D
S

2
= (9-4)

where S is the sound speed (a thermodynamic property, hence a function of temperature,
pressure, and composition), and t is the time difference for detection of the reflected pulse.

Sensing Chamber

InletOutlet Thermocouple

Transducer

D

Echo

Pulse

Figure 9-4.  Schematic diagram of a pulse-echo device that determines
sound speed with a single transducer.

The other sound speed measurement approach, the pitch-catch method, uses one
transducer to transmit an acoustic pulse, and another transducer to receive it.  The pitch-catch
configuration is detailed in Figure 9-5.  The ultrasonic pulse travels directly from the
transmitting transducer to the receiving transducer without reflection.  Here, the sound speed is
determined using:

t

D
S = (9-5)
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Gas Chamber

InletOutlet Thermocouple

Transmitting
Transducer

Receiving
Transducer

D
Pitch Catch

Figure 9-5.  Schematic diagram of a pitch-catch device that determines
sound speed using separate transmitting and receiving transducers.

There are pulse wave-form definition uncertainties associated with both methods.
These uncertainties can have a significant impact on the accuracy of the sound speed
measurement.  However, they can be eliminated by measuring the time difference between two
received signals.

9.2.2 Exploratory Tests of Ultrasonic Technology

The two ultrasonic transducers were removed from the Siemens domestic ultrasonic gas
meter and configured in the tubular test piece shown in Figure 9-6.  The piezoelectric ultrasonic
transducers, Figure 9-7, had a diameter of approximately 5/8 inch.  The frequency of the
transducer was determined, by trial and error, to be 200-220 kHz.

   GAS
OUTLET

GAS
INLET

 ULTRASONIC
TRANSDUCER

 SENSING
CHAMBER

Figure 9-6.  Photograph of the speed of sound test piece,
 showing one removed ultrasonic transducer.
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PIEZOELECTRIC
CRYSTAL

Figure 9-7.  Close-up photograph of one of two ultrasonic transducers
set to evaluate inexpensive speed of sound measurement feasibility.

A field-ready sound-speed sensor would have integrated signal processing.  Since a
field-ready unit doesn’t currently exist, more flexible laboratory instruments were used to
investigate feasibility at this stage of the project.  One of the transducers was connected to a
tone-burst generator, which consisted of a signal generator and a gated amplifier.  The
frequency and gain of the narrow-band signals were controlled from a personal computer.
There are a number of acoustic pulse parameters that may be controlled.  For the purposes of
these evaluations, pulse wave forms were produced with a frequency of 200-220 kHz, a pulse
width of 9.9 µs, and a repetition period of 10,000 µs.

Gas samples were collected in a high-pressure 300 cc sample cylinder, intended to
represent a high-pressure source, such as a pipeline.  The cylinder was attached to a sample
delivery system consisting of a pressure regulator, 0.5 micron filter, and needle valve.  The
sample delivery system is shown in Figure 9-8.

Test samples were delivered to the sensing chamber at near-atmospheric pressure.
Sample compositions included pure methane, pure nitrogen, and natural gas taken from the San
Antonio distribution supply.  A gas chromatographic analysis of the natural gas is shown in
Table 9-4.
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Figure 9-8.  Delivery system used to provide gas samples to the speed of sound test piece.

Table 9-4.  The natural gas composition used as a test gas
    to evaluate feasibility of the sound speed test piece.

Gas Component Concentration
[mole %]

Methane 96.16

Ethane 1.796

Propane 0.151

i-Butane 0.019

n-Butane 0.024

i-Pentane 0.008

n-Pentane 0.005

n-Hexane 0.006

n-Heptane 0.003

n-Octane 0.002

Carbon Dioxide 1.137

Nitrogen 0.689

Total 100.0
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9.2.2.1  Pulse-Echo Experience

In section 9.2.1, it was mentioned that there are pulse wave-form definition
uncertainties that can have a significant impact on the accuracy of the sound speed
measurement.  One of the most significant is associated with measuring the starting time of
both the initial pulse and received signal.  There are 3 general sources of uncertainty in
identifying the starting time of the initial pulse:

(1) Trigger Level: The trigger level is set to be greater than the noise level.  Therefore,
there can be a time difference between the actual pulse-start and the indicated start,

(2) Transducer Response: When the crystal is charged, the waves propagate through
layers within the crystal before exiting.  Therefore, there is a time delay between the
triggering of the crystal and the time the waves exit the transducer,

(3) Synchronizing Pulse: The main pulse that drives the transducer must be synchronized
with the timing electronics, which represents another electronic timing delay.

The uncertainty in the timing of the received signal is associated with the definition of the
waveform.  These uncertainties can be eliminated by measuring the time difference between
two received signals.

From a practical standpoint, the pulse-echo sensor can be fabricated with two reflecting
targets, shown in Figure 9-9.  The critical distance then becomes the distance between the two
targets, and the transit-time becomes the time to receive each reflection.

Sensing Chamber

InletOutlet Thermocouple

Target 1 Target 2

Transducer

D

Figure 9-9.  Schematic of the test piece incorporating two targets to reduce uncertainty
associated with transmitted and received waveform definition/timing.

The sound speed test piece (with targets) was filled with pure nitrogen gas near
atmospheric pressure, and the pulse-echo approach was investigated.  Figure 9-10 shows the
signal received in nitrogen gas and the transit-time used to determine the sound speed.  Note
the reduced amplitude in the signal received from the second target.  This is indicative of the,
previously noted, attenuation due to absorption of ultrasound energy.
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Reflection from
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Reflection from
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∆ t

Figure 9-10.  An example of the two pulse-signals seen in nitrogen gas.  The low signal-to-
noise ratio reveals the need to optimize the sound speed sensor design.

Since natural gas more readily absorbs ultrasound, the reflected signals were attenuated
below the noise level when the test piece was filled with natural gas.  It is clear from this result
that pulse-echo development challenges include the enhancement of the signal-to-noise ratio
through optimizing (1) chamber/reflector design, and (2) pulse signal quality (which may
involve the use of different transducers and signal generation circuitry).  Despite the non-
optimum test piece design, the sound speed measurement in pure nitrogen was only 0.49%
lower than the value predicted by the GRI Extended Thermodynamic Properties computer
program (1989).

9.2.2.2  Pitch-Catch Experience

As discussed in the previous sections, timing uncertainty is a critical issue because
identification of the timing points is somewhat arbitrary.  In the pitch-catch mode, the same is
true, if not more critical.  In an attempt to overcome these system limitations, the pitch-catch
timing measurements were compared to a known reference, which was chosen to be nitrogen.
The transit-time difference between the test gas and nitrogen, and the known sound speed in
nitrogen, were used to determine the sound speed in the test gas.

 Assuming that the transit distance for a pitch-catch pulse is simply the distance
between the two transducers in the chamber, D, then the speed of sound, S, is given by:

t

D
S = (9-5)
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where t is the pulse transit time.

The pitch-catch transit time difference between any gas, i, and a reference gas, ref,
(nitrogen, in this case) is:

refi
refi S

D

S

D
tt −=− (9-6)

where the only unknown is Si, since the speed of sound in the reference gas is assumed known,
and the time difference may be measured.  Equation (9-6) may be solved for Si:

( )refiref

ref

i ttSD

SD
S

−+
= (9-7)

Figure 9-11 shows the transit-time difference between a received nitrogen signal, and a
signal representative of a test gas.  The transit-time difference arises simply because an acoustic
pulse travels the distance, D, at a different speed in the test gas than in the reference gas.  It is
evident from the Figure 9-11 that improvements in the signal-to-noise ratio will improve the
pulse definition, which must be used to resolve the transit-time difference.

Pitch-catch evaluations were performed by filling the test piece with pure methane in
one case, then natural gas (Table 9-4) in another.  Using the reference approach described by
Equation (9-7), the pure methane measurements were found to be 0.87% higher than those
predicted by the GRI Extended Thermodynamic Properties code (1989).  The natural gas
measurements were found to be 0.26% lower than the predicted value from (1989).  Note that
the GRI Extended Thermodynamic Properties code (1989) predictions of sound speed agree
with the Lomic SonicWare (1997) predictions at these atmospheric pressure conditions.

These data suggest that the test piece, while not yet optimized, demonstrates general
feasibility for inferential measurement of flow rate and energy flow rate through Sstd

measurement.  Recall from Section 9.1 that a specification of 2-3%+ in Sstd is required to
produce a 0.5% shift in Hm, and that a specification of about 0.5% in Sstd is required to produce
a 0.5% shift in either ρ or Hv (at low pressure).
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 ti   -  tref

Signal Received in Nitrogen

Representation of Signal Received in Test Gas

Figure 9-11. Time difference using the received signal from nitrogen,
 and a signal representative of a test gas.

The pitch-catch approach, in particular, demonstrated feasibility even with very low
signal-to-noise ratios.  Improvement of the signal-to-noise ratio during the development phase
will enhance the performance of both the pitch-catch and pulse-echo approaches.  Needed
improvements include transducer selection (other types may produce more suitable
characteristics), transducer mounting (to ensure that the acoustic energy is transmitted to the
gas, rather than the mounting hardware), and physical chamber/reflector geometry.

9.3 Feasibility Evaluation of Diluent (Carbon Dioxide and Nitrogen)
Concentration Measurement

The measurement of diluent gas concentrations make it possible to independently
characterize the hydrocarbons with inferential properties like standard sound speed.  Therefore,
the diluent concentration measurements are important for compensation purposes.  The
feasibility of measuring carbon dioxide concentration, XCO2, with inexpensive instrumentation
was investigated using the Vaisala GMM11 non-dispersive infrared (NDIR) instrument, which
sells commercially for about $400.  As with the speed of sound evaluations, the goal was not to
optimize the performance of the as-found instrument.  Rather, the focus of this work was to
evaluate the feasibility of this inexpensive technology in a way that defines major issues for
later development and application in natural gas environments.  No commercially available
sensors were found to directly sense the concentration of nitrogen.  Indirect measurement
approaches are, however, addressed for nitrogen.

9.3.1 Infrared Methods

The presence of carbon dioxide in a mixture of other gases may be directly sensed by its
unique infrared absorption characteristics. Infrared radiation is the region of the
electromagnetic spectrum with wavelengths ranging from about 0.1 cm (0.039 in.) to 7.0 x 10-5

cm (2.8 x 10-5 in.).  In terms of the wavenumber, which is the inverse of wavelength, the range
is from 10 cm-1 (26 in-1) to 14,000 cm-1 (36,000 in-1).  The region is bounded by microwaves on
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the low end, and visible waves on the high end.  Figure 9-12 shows the electromagnetic
spectrum relative to other electromagnetic energy domains.

Infrared absorption characteristics, of some gases, may be exploited to measure
concentration because (1) infrared signatures of some gases are unique, and (2) the level of
absorption is related to the concentration present.  A gas sample is exposed to infrared radiation
(which may be broad-band) at one end of a sample cell, then the intensity at a particular
wavelength (wavenumber) is measured by a narrow-band detector at the other end of the cell.
Absorption of infrared energy occurs when molecular vibrations are resonated by a particular
wavelength (wavenumber).  These absorbed wavelengths provide a “signature” of the molecule
in the form of an absorption spectrum.  Such a spectrum is summarized in Figure 9-13 for
carbon dioxide.  The most prominent absorption peak occurs at a wavenumber of about 2360
cm-1.  This is the principle wavenumber that is exploited by (infrared) carbon dioxide sensor
manufacturers.  The Vaisala GMM11 non-dispersive infrared (NDIR) carbon dioxide sensor is
one such instrument.

Other gases, besides carbon dioxide, also have unique infrared absorption signatures.  It
may be possible to use these spectra to detect the presence and amount of other natural gas
impurities, such as water vapor and hydrogen sulfide, using similar technology.  However,
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Figure 9-12.  The infrared region of the electromagnetic spectrum
relative to other familiar wave regions.



January 1999 DE-FC21-96MC33033
Page 60 Final Report, Tasks A and B

Wavenumber [cm-1]

05001000150020002500300035004000

T
ra

ns
m

itt
an

ce

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Figure 9-13.  The infrared absorption (transmittance) behavior of carbon dioxide,
showing unique wavenumber regions that are preferentially absorbed by the gas.

(A transmittance of 1.0 means that the infrared energy passes without absorption.)

trace concentration measurements will be very dependent upon the avoidance of interference
from other absorbing species at a particular infrared wavelength.

9.3.2 Exploratory Tests of Infrared Technology

A Vaisala model #GMM11 NDIR carbon dioxide sensor was purchased for about $400.
This particular model has a design range of 0-10 mole% carbon dioxide, but other ranges are
also available.  The commercially available sensor was designed primarily for measuring
carbon dioxide concentration in atmospheric air.  A photograph of the sensor is presented in
Figure 9-14.  The main body, which houses the infrared lamp, sample cell, and detector, is a
1.25 in. x 1.25 in. x 1 in. aluminum cube.

A critical question, that needed to be answered in this exploratory phase, was whether
or not natural gas hydrocarbons would interfere with the sensor’s indication at the principle
carbon dioxide absorption wavelength.  In other words, would the hydrocarbons also absorb
infrared energy at the same wavelength to distort the instrument’s interpretation of carbon
dioxide concentration?  To initially address that question, the U.S. National Institute of
Standards and Technology (NIST) spectral-infrared absorption database (1999) was reviewed.
No major interference bands were seen for the n-Paraffin hydrocarbons from methane (C1) to
n-decane (C10).
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Figure 9-14.  Photograph of the Vaisala model #GMM11 non-dispersive infrared (NDIR)
instrument.  For scale reference, the main body is a 1.25 in. x 1.25 in. x 1 in. cube.

Natural gas mixtures of known composition were also prepared to evaluate the sensor’s
performance.  The carbon dioxide concentration of two stock-gas mixtures, Table 9-5, was
gravimetrically adjusted to provide the range of carbon dioxide concentrations shown in Table
9-6.

The infrared sensor’s sample cell was flow-purged with gas samples near atmospheric
pressure using the same delivery system that was developed for the ultrasonic sensor tests
(Figure 9-8).  Sensor readings were acquired after the upstream valve was closed, and the
sample in the instrument cell had dropped to atmospheric pressure.  Since nitrogen is infrared-
inactive, the sensor was zero-calibrated with pure nitrogen, and the span was set with a 10
mole% mixture of carbon dioxide in nitrogen.  Each natural gas sample test began with a
nitrogen purge until the sensor reached it’s calibrated zero reading.  The natural gas sample was
then introduced into the sensor.  The sensor’s output was monitored following at least three
flow-purges per sample.
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Table 9-5.  Two stock-gas mixtures that were used to prepare simulated
natural gas mixtures with a range of carbon dioxide concentrations.

Gas Component Stock-Gas
Mixture #1

 [mole %]

Stock-Gas
Mixture #2

 [mole%]

Methane 94.462 75.062

Ethane 2.481 12.46

Propane 0.501 6.00

i-Butane 0.1 1.00

n-Butane 0.1 1.60

i-Pentane 0.05 0.181

n-Pentane 0.05 0.243

n-Hexane 0.025 0.146

n-Heptane 0.015 0.0692

n-Octane 0.01 0.0485

n-Nonane 0.000 0.0121

n-Decane 0.05 0.006

Carbon Dioxide 1.002 0.402

Nitrogen 1.054 2.77

Argon 0.1 0.000

Total 100 100

Table 9-6.  Carbon dioxide concentrations of the simulated natural gas samples
that were introduced into the infrared carbon dioxide sensor.

Sample CO2

[mole%]
Stock Gas

1 10.00 Nitrogen

2 9.86 Mixture #1

3 8.17 Mixture #1

4 6.30 Mixture #1

5 4.81 Mixture #2

6 4.38 Mixture #2

7 2.12 Mixture #1

8 1.00 Mixture #1

9 0.400 Mixture #2

10 0 Nitrogen
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The sensor voltage output indication is plotted in Figure 9-15, compared to the
manufacturer’s characterization curve.  The manufacturer’s characterization curve was drawn
from a 5th order polynomial equation supplied in the instrument manual.  The sensor response is
non-linear, due to the exponential increase in infrared absorption with carbon dioxide
concentration, but it can be linearized by application of the manufacturer’s characterization
curve.

The sensor accuracy performance is shown in Figure 9-16.  The dotted lines in the
figure represent the 0.2 mole% specification (see Section 9.1) that will produce a shift of
approximately 0.5% in mass-based heating value, Hm, or density, ρ (at low pressure).  (Note
that Hv is insensitive to XCO2 at low pressure.)  While not all of the data is within the
specification, greater controls over the unit’s operating environment may reduce the variability.
Vaisala also sells units with a lower design range (0-3 mole%, for example), which may
produce tighter results over that range of application.  The as-is data does, however,
demonstrate general technological feasibility.

The upward, apparently systematic, shift in low range may be indicative of some
interference (absorption) from the hydrocarbons.  If the hydrocarbons are absorbing at the
sensor’s design wavelength, then the sensor will indicate high because it cannot differentiate
between carbon dioxide and hydrocarbon absorption.  If this is the case, it may not be a severe
problem for flow rate and energy flow rate determination applications, but may be a limiting
issue for trace-gas quantification.  The application of infrared technology (at other
wavelengths) to determine trace-gas concentrations of water vapor or hydrogen sulfide, for
example, is being considered.  The narrow-band interference issues will be critical in that
application, because small levels of interference could potentially mask trace-gas
concentrations.

9.3.3 Nitrogen

Nitrogen is more difficult to directly measure, within a natural gas mixture, than carbon
dioxide. Nitrogen has low infrared absorption characteristics, so it is unlikely that infrared
sensor technology will work.  It is also chemically inert, so electrochemical sensors won’t
work.  That does not, however, imply that a nitrogen sensor can’t be found, or that one can’t be
developed from the unique characteristics of that molecule.  These are on-going issues.

Fortunately, energy measurement of natural gas is, in some cases, less demanding for
nitrogen measurement, than for carbon dioxide measurement.  The 0.3 mole% specification for
XN2 was developed in Section 9.1 for a 0.5% shift in Hm or ρ (at low pressure), and Hv is,
thankfully, insensitive to XN2.

However, direct measurement of nitrogen may not be necessary.  One indirect means to
determine the nitrogen concentration arises from the definition of standard sound speed, Sstd:

5.0







= std

std

std
std PS

ρ
κ

(9-8)
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Figure 9-15.  Output readings from the Vaisala model #GMM11 carbon dioxide sensor,
compared to the manufacturer’s characterization curve.
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Figure 9-16.  Carbon dioxide concentrations indicated from the Vaisala model #GMM11
carbon dioxide sensor, compared to the known values.  The dotted lines represent a 0.2
mole% variability specification that will produce a 0.5% shift in Hm or ρρ (low pressure).
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where κstd is the isentropic exponent (a thermodynamic property evaluated at standard
conditions), Pstd  = 14.73 psia, and the standard density, ρstd, is given as a function of Sstd, XCO2,
and XN2 by the correlation equation (Equation (8-10)).  If κstd were correlated to XCO2, XN2, and
some other measurable inferential property (different than ρstd or M), then XN2 could be
iteratively determined from Equation (9-8) with knowledge of Sstd, XCO2, and the correlation for
κstd.  The  inferential property that characterizes the hydrocarbon portion of κstd, however, must
be measurable with inexpensive and reliable instrumentation in order to be useful.  Inferential
property candidates for the equivalent hydrocarbon portion of κstd include thermal conductivity,
specific heat, isothermal compressibility, isothermal expansion exponent, volume expansivity,
Joule-Thomson coefficient, etc.

Another indirect scheme, to determine XN2, arises from sound speed measurements at
two different operating conditions.  Take, for example, the standard operating conditions of
Equation (9-8), and some other arbitrary operating condition:

5.0
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An iterative scheme that solves for XN2, may be generated between Equations (9-8) and (9-9),
with knowledge of Sstd, S, XCO2, Tstd, T, Pstd, and P.  However, it may require the development
of a thermodynamic (a function of T and P) correlation for κ in terms of some inferential
property, other than ρ.
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10.0  CONCLUSIONS AND RECOMMENDATIONS

Task A of the project identified a promising technique to characterize natural gas
hydrocarbons with a single inferential property, such as standard sound speed, when the
concentrations of the diluent gases (carbon dioxide and nitrogen) are known.  The key
advantage was the application of a few inexpensive inferential property sensors to characterize
the full chemical composition of natural gas, without the expense and complexity of performing
a detailed gas composition assay.  Task B investigated the practical realities of such an
approach, and found that it was capable of even more than was originally intended.

For an exploratory range of 102 different natural gas compositions (987 - 1,150 Btu/scf,
16.3 - 19.5 lbm/lb-mole, 83.4 - 98.3 mole% methane, 0.97 - 7.4 mole% total diluent
concentration, and 0.001 - 0.1 mole% C6+), successful natural gas property correlations were
developed for the chemical and thermodynamic properties summarized in Table 10-1.  These
property correlations may be used to determine flow rate or energy flow rate from flow meters
of all kinds (ultrasonic, orifice, turbine, rotary, Coriolis, diaphragm, etc.) with knowledge of
only standard sound speed, Sstd, carbon dioxide concentration, XCO2, nitrogen concentration,
XN2, temperature, T, and pressure, P.

Table 10-1.  Chemical and thermodynamic properties of natural gas that were
successfully correlated to gross-characterization inferential properties.

Successful Data Correlations Developed for
These Chemical Properties as a Function of

Sstd, XCO2, XN2

Successful Data Correlations Developed for
These Thermodynamic Properties as a

Function of T, P, Sstd, XCO2, XN2

Molecular Weight, M Density, ρ

Mass-Based Heating Value, Hm Volume-Based heating Value, Hv

(product of ρ and Hm)

Standard Density, ρstd

Molar Ideal Gross Heating Value, Hn,ref

Standard Volumetric Heating Value, Hv,std

(product of ρstd and Hm)

The required inferential-property measurement accuracies, for less than approximately
0.5% shift in essential properties of Hm, ρ, and Hv, are summarized in Table 10-2.  General
technological feasibility of the required Sstd measurement was successfully demonstrated,
relative to those specifications, with an ultrasonic transducer test piece assembled by extracting
the transducers from a $100 ultrasonic domestic gas meter. General technological feasibility of
the required XCO2 measurement was successfully demonstrated using a $400 self-contained
infrared sensor.  No inexpensive and direct means to measure XN2 was found, but some indirect
measurement approaches were presented.
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Table 10-2.  Required accuracy of inferential property measurements
for a 0.5% shift in Hm, ρ, and Hv.

Inferential
Variable

Change in Inferential
Variable Required to

Produce a 0.5%
Change in Hm

Change in Inferential
Variable Required to

Produce a 0.5% Change
in ρ

Change in Inferential
Variable Required to

Produce a 0.5% Change
in Hv

Sstd 2-3%, or greater,
depending on the

magnitude of Sstd, XCO2,
and XN2

About 0.5% at low
pressure, with changing

sensitivity at higher
pressures

About 0.5% at low
pressure, with changing

sensitivity at higher
pressures

XCO2 About 0.2 mole% About 0.2 mole%, with
changing sensitivity at

higher pressures

Insensitive at low
pressure, with changing

sensitivity at higher
pressures

XN2 About 0.3 mole% About 0.3 mole%, with
changing sensitivity at

higher pressures

Insensitive

If developed into a field-worthy instrument, this inferential measurement approach has
the potential to dramatically reduce capital and operating costs, in an on-line energy
measurement package.  It will not replace the traditional gas chromatograph (GC), because
there will always be a need for natural gas composition assay, but it does have the potential to
reduce reliance on the GC at custody transfer locations.

It is recommended that the 1999 project focus on:

(1) Extension of the data correlations to a broader range of gas compositions, and determine if
sound speed measured at line conditions can be easily related to sound speed at standard
conditions.  This would make a sound speed retrofit sensor unnecessary for ultrasonic
meters,

(2) Refinement of the performance of the speed of sound measurement configuration,

(3) Refinement of the performance of the infrared carbon dioxide sensor,

(4) Development of a workable indirect approach to nitrogen measurement,

(5) Design and construction of a prototype retrofit instrument module for testing purposes,

(6) Conduction of tests with the prototype retrofit module in the GRI Metering Research
Facility at varied operating conditions.
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12.0   NOMENCLATURE

Bmix second virial coefficient [vol/mol]

C contains all orifice flow variables except density (Qm,orifice/(ρ)0.5)

Cmix third virial coefficient [(vol/mol)2]

Cpj specific heat at constant pressure for a pure gas component

d molar density [mol/vol]

D distance [inches]

Gid ideal specific gravity, Mi/Mair

HCH molar ideal gross heating value of the equivalent hydrocarbon [KJ/mol]

Hm mass-based heating value [Btu/lbm]

Hm,i component mass-based heating value [Btu/lbm]

Hn,ref mixture molar ideal gross heating value [KJ/mol]

Hv volume-based heating value [Btu/acf]

Hv,std standard volumetric heating value [Btu/scf]

Kj thermal conductivity for a pure gas component

M mixture molecular weight [lbm/lb-mole]

MHC hydrocarbon molecular weight [lbm/lb-mole]

Mi component molecular weight [lbm/lb-mole]

N number of gas components

P pressure [psia]

Pstd standard reference pressure (typically 14.73 psia)

Qenergy energy flow rate [Btu/hr, Btu/day, etc.]

Qm mass flow rate [lbm/hr, lbm/day, etc.]

Qv volume flow rate [actual ft3/hr (acfh), actual ft3/day (acfd), etc. ]

Qv,std standard volumetric flow rate [scfh at flowing composition, Tstd, and Pstd]

R universal gas constant (10.7316 psi-ft3/(lb-mol*R))

Sstd standard sound speed [ft/s at 60oF, 14.73 psia]

T temperature [R]

Tstd standard reference temperature (typically 60°F)

UXi component concentration uncertainty [mole%]

Xi component concentration [mole %]

Z compressibility factor

Zi component compressibility factor
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κ isentropic exponent

µ viscosity [lbm/ft*s]

ρ density [lbm/ ft3]

ρstd standard density [lbm/scf at flowing composition, Tstd, and Pstd]
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APPENDIX A:  NATURAL GAS COMPOSITION DATABASE
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ID# nitrogen 
[mole%]

carbon dioxide  
[mole%]

methane     
[mole %]

ethane   
[mole%]

propane 
[mole%]

i-butane      
[mole %]

n-butane    
[mole %]

i-pentane   
[mole %]

n-pentane  
[mole %]

n-hexane    
[mole %]

n-heptane  
[mole %]

n-octane    
[mole %]

1 0.4422 1.9285 84.3361 8.8946 3.1919 0.59064 0.39376 0.10950 0.07300 0.0325 0.0061 0.0012

2 1.6004 0.2331 95.5340 1.8790 0.4926 0.09066 0.06044 0.03522 0.02348 0.0309 0.0168 0.0034

3 5.6769 1.4546 85.1473 5.4174 1.5968 0.30438 0.20292 0.08694 0.05796 0.0391 0.0138 0.0019

4 0.6224 1.8643 85.4814 8.0607 2.8624 0.52170 0.34780 0.11346 0.07564 0.0398 0.0096 0.0008

5 5.4939 1.8292 84.3931 5.8857 1.6910 0.32742 0.21828 0.06942 0.04628 0.0296 0.0128 0.0033

6 5.3551 1.7802 84.4786 5.8782 1.7778 0.34002 0.22668 0.07050 0.04700 0.0309 0.0116 0.0034

7 1.6052 0.2339 95.5192 1.8835 0.4933 0.09108 0.06072 0.03546 0.02364 0.0326 0.0176 0.0038

8 0.4278 1.8497 84.4678 8.8604 3.1831 0.58008 0.38672 0.11994 0.07996 0.0369 0.0068 0.0008

9 5.6760 1.4579 85.1666 5.4022 1.5922 0.30366 0.20244 0.08706 0.05804 0.0385 0.0134 0.0020

10 0.6122 1.8630 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016

11 1.6052 0.2339 95.5192 1.8835 0.4933 0.09108 0.06072 0.03546 0.02364 0.0326 0.0176 0.0038

12 0.4278 1.8497 84.4678 8.8604 3.1831 0.58008 0.38672 0.11994 0.07996 0.0369 0.0068 0.0008

13 5.6760 1.4579 85.1666 5.4022 1.5922 0.30366 0.20244 0.08706 0.05804 0.0385 0.0134 0.0020

14 0.6122 1.8630 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016

15 1.6032 0.2299 95.5480 1.8724 0.4883 0.08982 0.05988 0.03462 0.02308 0.0312 0.0164 0.0032

16 0.4293 1.8647 84.4333 8.8669 3.1897 0.58182 0.38788 0.12066 0.08044 0.0377 0.0072 0.0004

17 5.6680 1.4349 85.1784 5.4163 1.5962 0.30426 0.20284 0.08706 0.05804 0.0387 0.0131 0.0022

18 0.6137 1.8710 85.4620 8.0768 2.8634 0.52272 0.34848 0.11412 0.07608 0.0405 0.0101 0.0011

19 2.3535 0.0401 92.2794 3.7252 0.9170 0.26166 0.17444 0.08898 0.05932 0.0654 0.0115 0.0235

20 2.6733 0.0402 93.0357 3.1217 0.6420 0.16896 0.11264 0.06930 0.04620 0.0436 0.0229 0.0235

21 2.4630 1.5280 90.8251 4.4050 0.6420 0.06774 0.04516 0.01386 0.00924 0.0003 0.0006 0.0000

22 0.4040 1.9870 83.9520 9.1380 3.2590 0.59340 0.39560 0.12540 0.08360 0.0473 0.0139 0.0008

23 0.4050 2.0270 83.8681 9.1800 3.2790 0.58560 0.39040 0.12294 0.08196 0.0459 0.0136 0.0005

24 0.3940 1.9730 83.7500 9.3490 3.3080 0.58080 0.38720 0.11976 0.07984 0.0447 0.0133 0.0004

25 1.2630 1.9820 88.9650 5.4550 1.6160 0.30780 0.20520 0.09780 0.06520 0.0310 0.0120 0.0000

26 4.1950 1.5730 87.9810 4.8020 0.9080 0.18840 0.12560 0.09300 0.06200 0.0450 0.0260 0.0010

27 1.9080 1.9860 92.7220 2.7990 0.3430 0.06180 0.04120 0.06420 0.04280 0.0150 0.0170 0.0000

28 5.1240 0.5810 88.8020 4.1500 0.8580 0.17940 0.11960 0.07320 0.04880 0.0400 0.0220 0.0020

29 4.9480 1.6030 86.6460 4.9600 1.2440 0.24180 0.16120 0.08640 0.05760 0.0340 0.0170 0.0010

30 0.4230 2.1250 84.0050 8.7790 3.2380 0.64740 0.43160 0.16740 0.11160 0.0590 0.0130 0.0000

31 2.4750 1.7790 87.9700 5.5520 1.5120 0.29520 0.19680 0.09840 0.06560 0.0360 0.0190 0.0010

32 5.5400 1.7960 86.4450 4.7560 0.9140 0.19860 0.13240 0.08580 0.05720 0.0460 0.0260 0.0030

33 2.5050 0.9750 92.3210 3.2850 0.5690 0.11100 0.07400 0.06000 0.04000 0.0350 0.0230 0.0020

34 4.1230 0.7040 90.4400 3.5110 0.7500 0.17040 0.11360 0.07140 0.04760 0.0410 0.0250 0.0030
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ID# nitrogen 
[mole%]

carbon dioxide 
[mole%]

methane     
[mole %]

ethane   
[mole%]

propane 
[mole%]

i-butane      
[mole %]

n-butane    
[mole %]

i-pentane   
[mole %]

n-pentane  
[mole %]

n-hexane    
[mole %]

n-heptane  
[mole %]

n-octane    
[mole %]

35 1.0370 2.0360 88.0480 6.2390 1.8390 0.36780 0.24520 0.09120 0.06080 0.0260 0.0080 0.0020

36 0.6122 1.8630 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016

37 0.6137 1.8710 85.4620 8.0768 2.8634 0.52272 0.34848 0.11412 0.07608 0.0405 0.0101 0.0011

38 0.6178 1.9051 85.3453 8.1433 2.8692 0.53850 0.35900 0.10470 0.06980 0.0345 0.0117 0.0011

39 3.7924 0.2609 94.6077 1.0118 0.2128 0.04572 0.03048 0.01464 0.00976 0.0086 0.0044 0.0008

40 0.9015 0.0668 98.2722 0.5159 0.1607 0.03552 0.02368 0.00942 0.00628 0.0055 0.0016 0.0009

41 0.4313 1.7708 85.4560 8.4983 2.7421 0.53706 0.35804 0.10038 0.06692 0.0315 0.0068 0.0008

42 5.3551 1.7802 84.4784 5.8782 1.7780 0.34002 0.22668 0.07050 0.04700 0.0309 0.0116 0.0034

43 5.4939 1.8292 84.3931 5.8857 1.6910 0.32742 0.21828 0.06942 0.04628 0.0296 0.0128 0.0033

44 5.3452 1.7745 84.5143 5.8831 1.7596 0.33582 0.22388 0.07044 0.04696 0.0309 0.0119 0.0034

45 5.4952 1.8318 84.3746 5.8795 1.7111 0.32880 0.21920 0.06906 0.04604 0.0297 0.0117 0.0033

46 0.9617 1.5021 85.9284 8.4563 2.3022 0.41910 0.27940 0.07308 0.04872 0.0228 0.0057 0.0005

47 0.4264 1.9201 84.3789 8.8749 3.1776 0.60132 0.40088 0.10872 0.07248 0.0310 0.0065 0.0012

48 1.2010 1.8560 88.2210 6.1190 1.8840 0.35340 0.23560 0.05580 0.03720 0.0230 0.0130 0.0010

49 0.3407 1.8816 83.4187 9.5284 3.5694 0.62190 0.41460 0.10968 0.07312 0.0327 0.0081 0.0011

50 5.9990 1.3984 84.4872 5.9271 1.5364 0.30534 0.20356 0.06342 0.04228 0.0251 0.0101 0.0021

51 1.4200 0.0330 93.3240 1.7800 3.2000 0.08700 0.05800 0.02520 0.01680 0.0560 0.0000 0.0000

52 1.9285 0.4422 84.3361 8.8946 3.1919 0.59064 0.39376 0.10950 0.07300 0.0325 0.0061 0.0012

53 0.2331 1.6004 95.5340 1.8790 0.4926 0.09066 0.06044 0.03522 0.02348 0.0309 0.0168 0.0034

54 1.4546 5.6769 85.1473 5.4174 1.5968 0.30438 0.20292 0.08694 0.05796 0.0391 0.0138 0.0019

55 1.8643 0.6224 85.4814 8.0607 2.8624 0.52170 0.34780 0.11346 0.07564 0.0398 0.0096 0.0008

56 1.8292 5.4939 84.3931 5.8857 1.6910 0.32742 0.21828 0.06942 0.04628 0.0296 0.0128 0.0033

57 1.7802 5.3551 84.4786 5.8782 1.7778 0.34002 0.22668 0.07050 0.04700 0.0309 0.0116 0.0034

58 0.2339 1.6052 95.5192 1.8835 0.4933 0.09108 0.06072 0.03546 0.02364 0.0326 0.0176 0.0038

59 1.8497 0.4278 84.4678 8.8604 3.1831 0.58008 0.38672 0.11994 0.07996 0.0369 0.0068 0.0008

60 1.4579 5.6760 85.1666 5.4022 1.5922 0.30366 0.20244 0.08706 0.05804 0.0385 0.0134 0.0020

61 1.8630 0.6122 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016

62 0.2339 1.6052 95.5192 1.8835 0.4933 0.09108 0.06072 0.03546 0.02364 0.0326 0.0176 0.0038

63 1.8497 0.4278 84.4678 8.8604 3.1831 0.58008 0.38672 0.11994 0.07996 0.0369 0.0068 0.0008

64 1.4579 5.6760 85.1666 5.4022 1.5922 0.30366 0.20244 0.08706 0.05804 0.0385 0.0134 0.0020

65 1.8630 0.6122 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016

66 0.2299 1.6032 95.5480 1.8724 0.4883 0.08982 0.05988 0.03462 0.02308 0.0312 0.0164 0.0032

67 1.8647 0.4293 84.4333 8.8669 3.1897 0.58182 0.38788 0.12066 0.08044 0.0377 0.0072 0.0004

68 1.4349 5.6680 85.1784 5.4163 1.5962 0.30426 0.20284 0.08706 0.05804 0.0387 0.0131 0.0022
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ID# nitrogen 
[mole%]

carbon dioxide 
[mole%]

methane     
[mole %]

ethane   
[mole%]

propane 
[mole%]

i-butane      
[mole %]

n-butane    
[mole %]

i-pentane   
[mole %]

n-pentane  
[mole %]

n-hexane    
[mole %]

n-heptane  
[mole %]

n-octane    
[mole %]

69 1.8710 0.6137 85.4620 8.0768 2.8634 0.52272 0.34848 0.11412 0.07608 0.0405 0.0101 0.0011

70 0.0401 2.3535 92.2794 3.7252 0.9170 0.26166 0.17444 0.08898 0.05932 0.0654 0.0115 0.0235

71 0.0402 2.6733 93.0357 3.1217 0.6420 0.16896 0.11264 0.06930 0.04620 0.0436 0.0229 0.0235

72 1.5280 2.4630 90.8251 4.4050 0.6420 0.06774 0.04516 0.01386 0.00924 0.0003 0.0006 0.0000

73 1.9870 0.4040 83.9520 9.1380 3.2590 0.59340 0.39560 0.12540 0.08360 0.0473 0.0139 0.0008

74 2.0270 0.4050 83.8681 9.1800 3.2790 0.58560 0.39040 0.12294 0.08196 0.0459 0.0136 0.0005

75 1.9730 0.3940 83.7500 9.3490 3.3080 0.58080 0.38720 0.11976 0.07984 0.0447 0.0133 0.0004

76 1.9820 1.2630 88.9650 5.4550 1.6160 0.30780 0.20520 0.09780 0.06520 0.0310 0.0120 0.0000

77 1.5730 4.1950 87.9810 4.8020 0.9080 0.18840 0.12560 0.09300 0.06200 0.0450 0.0260 0.0010

78 1.9860 1.9080 92.7220 2.7990 0.3430 0.06180 0.04120 0.06420 0.04280 0.0150 0.0170 0.0000

79 0.5810 5.1240 88.8020 4.1500 0.8580 0.17940 0.11960 0.07320 0.04880 0.0400 0.0220 0.0020

80 1.6030 4.9480 86.6460 4.9600 1.2440 0.24180 0.16120 0.08640 0.05760 0.0340 0.0170 0.0010

81 2.1250 0.4230 84.0050 8.7790 3.2380 0.64740 0.43160 0.16740 0.11160 0.0590 0.0130 0.0000

82 1.7790 2.4750 87.9700 5.5520 1.5120 0.29520 0.19680 0.09840 0.06560 0.0360 0.0190 0.0010

83 1.7960 5.5400 86.4450 4.7560 0.9140 0.19860 0.13240 0.08580 0.05720 0.0460 0.0260 0.0030

84 0.9750 2.5050 92.3210 3.2850 0.5690 0.11100 0.07400 0.06000 0.04000 0.0350 0.0230 0.0020

85 0.7040 4.1230 90.4400 3.5110 0.7500 0.17040 0.11360 0.07140 0.04760 0.0410 0.0250 0.0030

86 2.0360 1.0370 88.0480 6.2390 1.8390 0.36780 0.24520 0.09120 0.06080 0.0260 0.0080 0.0020

87 1.8630 0.6122 85.4915 8.0626 2.8576 0.52254 0.34836 0.11412 0.07608 0.0404 0.0100 0.0016

88 1.8710 0.6137 85.4620 8.0768 2.8634 0.52272 0.34848 0.11412 0.07608 0.0405 0.0101 0.0011

89 1.9051 0.6178 85.3453 8.1433 2.8692 0.53850 0.35900 0.10470 0.06980 0.0345 0.0117 0.0011

90 0.2609 3.7924 94.6077 1.0118 0.2128 0.04572 0.03048 0.01464 0.00976 0.0086 0.0044 0.0008

91 0.0668 0.9015 98.2722 0.5159 0.1607 0.03552 0.02368 0.00942 0.00628 0.0055 0.0016 0.0009

92 1.7708 0.4313 85.4560 8.4983 2.7421 0.53706 0.35804 0.10038 0.06692 0.0315 0.0068 0.0008

93 1.7802 5.3551 84.4784 5.8782 1.7780 0.34002 0.22668 0.07050 0.04700 0.0309 0.0116 0.0034

94 1.8292 5.4939 84.3931 5.8857 1.6910 0.32742 0.21828 0.06942 0.04628 0.0296 0.0128 0.0033

95 1.7745 5.3452 84.5143 5.8831 1.7596 0.33582 0.22388 0.07044 0.04696 0.0309 0.0119 0.0034

96 1.8318 5.4952 84.3746 5.8795 1.7111 0.32880 0.21920 0.06906 0.04604 0.0297 0.0117 0.0033

97 1.5021 0.9617 85.9284 8.4563 2.3022 0.41910 0.27940 0.07308 0.04872 0.0228 0.0057 0.0005

98 1.9201 0.4264 84.3789 8.8749 3.1776 0.60132 0.40088 0.10872 0.07248 0.0310 0.0065 0.0012

99 1.8560 1.2010 88.2210 6.1190 1.8840 0.35340 0.23560 0.05580 0.03720 0.0230 0.0130 0.0010

100 1.8816 0.3407 83.4187 9.5284 3.5694 0.62190 0.41460 0.10968 0.07312 0.0327 0.0081 0.0011

101 1.3984 5.9990 84.4872 5.9271 1.5364 0.30534 0.20356 0.06342 0.04228 0.0251 0.0101 0.0021

102 0.0330 1.4200 93.3240 1.7800 3.2000 0.08700 0.05800 0.02520 0.01680 0.0560 0.0000 0.0000
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APPENDIX B:  FORTRAN PROGRAM TO MODIFY
A.G.A.  8 (1994) SUBROUTINES FOR GENERAL

INFERENTIAL CHARACTERIZATION
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PROGRAM GROSS
C
C Version 1.0, 12-30-98, KAB
C Driver program to calculate density from gross characterization input,
C and from the gross model using the composition assay.
C Use output file from ENERGY7.EXE as input file.
C
      REAL*8 TTSTD, PPSTD, TT, PP, T, P, XI(14), X(5)
      REAL*8 DDCORR, DDASSAY, D, MWCORR, HNCORR, HCH, ZZ
      REAL*8 W, RHOSTD, CSTD, HM, HVSTD, RHO, C, HV, ORFHM, ZCORR,
     &       ZASSAY, CPCV, HN25, DGROSS
      REAL*8 RGAS, LB_TO_KG, FT3_TO_M3, TEMP
      INTEGER CID(14), ERRNUM, NCC
      CHARACTER CTAG*10

      COMMON/GROSSCOMP/ X

      OPEN(UNIT=10,FILE='INPUT.TXT',STATUS='OLD',err=999)
      OPEN(UNIT=20,FILE='OUTPUT.TXT',STATUS='UNKNOWN',err=999)

      DO 5, I = 1, 1000
CCCCCCCCCCCCCC
C Read TT[F], PP[psia], and detailed gas composition from input file.

      READ(10,'(A10, 1X, 2(D6.3,1X), D7.3, 1X, D7.2, 1X, I2, 1X,
     & 14(I2, 1X), 14(D10.6, 1X), D8.5, 1X, D9.7, 1X, D9.3, 1X, D9.3,
     & 1X, D9.4, 1X, D9.6, 1X, D9.3, 1X, D11.3, 1X, D11.4, 1X, D8.6, 1X,
     & D9.6, 1X, D9.4)', END=999)
     & CTAG, TTSTD, PPSTD, TT, PP, NCC,(CID(K), K=1,14),
     & (XI(K), K=1,14),W,RHOSTD,CSTD,HM,HVSTD,RHO,C,HV,ORFHM,ZZ,CPCV,
     & HN25

C Convert to appropriate subrouting units/format.
      T = (TT + 459.67D0)*(5.D0/9.D0)
      P = PP*(0.101325D0/14.696D0)
      X(1) = 1.D0 - (XI(1)/100.D0) - (XI(2)/100.D0)
      X(2) = XI(1)/100.D0
      X(3) = XI(2)/100.D0
      X(4) = 0.D0
      X(5) = 0.D0

C Set up constants used by the GERG model.

      CALL PARAMGS

C Characterize the equivalent hydrocarbon component, then calculate
C D and Z, then convert D to [lbm/ft^3] units by applying MWCORR.

      CALL CORRELATE(CSTD,XI(1),XI(2),MWCORR,HNCORR)
      HCH = HNCORR/X(1)

      TEMP = 0.D0
      CALL CHARGS(HCH,3,TEMP,TEMP,X,TEMP,TEMP,TEMP,TEMP,TEMP,TEMP,TEMP,
     &            ERRNUM)

      D = DGROSS(P,T)
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      RGAS  = 8.31451D-3
      ZCORR = P/(D*RGAS*T)

      LB_TO_KG = 0.4535924D0
      FT3_TO_M3 = 0.02831684659D0
      DDCORR = D * MWCORR / (LB_TO_KG / FT3_TO_M3)

C Characterize the equivalent hydrocarbon component using the
C gas composition assay, then calculate D and Z, then convert D to
C [lbm/ft^3] units by applying W (from assay).

      HCH = HN25/X(1)

      TEMP = 0.D0
      CALL CHARGS(HCH,3,TEMP,TEMP,X,TEMP,TEMP,TEMP,TEMP,TEMP,TEMP,TEMP,
     &            ERRNUM)

      D = DGROSS(P,T)

      RGAS  = 8.31451D-3
      ZASSAY = P/(D*RGAS*T)

      LB_TO_KG = 0.4535924D0
      FT3_TO_M3 = 0.02831684659D0
      DDASSAY = D * W / (LB_TO_KG / FT3_TO_M3)

C Write results to file.

      WRITE(20,'(A10, 1X, 2(F6.3,1X), F7.3, 1X, F7.2, 1X, I2, 1X,
     & 14(I2, 1X), 14(F10.6, 1X), F8.5, 1X, F9.7, 1X, F9.3, 1X, F9.3, 1X
     & , F9.4,1X, F9.6, 1X, F9.3, 1X, F11.3, 1X, F11.4, 1X, F8.6,1X,F9.6
     & , 1X, F9.4, 1X, F8.5, 1X, F9.4, 1X, F9.6, 1X, F9.6, 1X, F8.6, 1X,
     & F8.6)')
     & CTAG, TTSTD, PPSTD, TT, PP, NCC,
     & (CID(K), K=1,14),
     & (XI(K), K=1,14),
     & W,RHOSTD,CSTD,HM,HVSTD,RHO,C,HV,ORFHM,ZZ,CPCV,HN25,MWCORR,HNCORR,
     & DDCORR,DDASSAY,ZCORR,ZASSAY

CCCCCCCCCCCCCC
    5 CONTINUE

      CLOSE(UNIT=10,STATUS='KEEP')
      CLOSE(UNIT=20,STATUS='KEEP')

  999 END

C***************************

      SUBROUTINE CORRELATE(CSTD,XN2,XCO2,MW,HN)

C Calculate the molecular weight and molar ideal gross heating
C value [kJ/mol at 25C, 0.101325MPa] from data correlations.
C Inputs:
C    CSTD[ft/s @ 60F,14.73psia], XN2[mol%], XCO2[mol%],
C    HN[kJ/gmol(mix) @ 25C,0.101325MPa]
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      REAL*8 A00,A01,A02,A10,A11,A12,A20,A21,A22,A0,A1,A2
      REAL*8 A,B0,B10,B11,B12,B1,B,MHC,CSTD,XN2,XCO2,MW,HN
C
      A00 = 89.59987D0
      A01 = 0.2595616D0
      A02 = 0.8420112D0
      A10 = -0.08303539D0
      A11 = -3.57614D-4
      A12 = -1.20199D-3
      A20 = 2.22787D-5
      A21 = 1.37342D-7
      A22 = 4.51462D-7

      A0 = A00 + (A01*XN2) + (A02*XCO2)
      A1 = A10 + (A11*XN2) + (A12*XCO2)
      A2 = A20 + (A21*XN2) + (A22*XCO2)

      MW = A0 + (A1*CSTD) + (A2*(CSTD**2))
C

      A = 123.81271D0
      B0 = 47.41274D0
      B10 = 0.000273661D0
      B11 = -0.0000571187D0
      B12 = -0.0000573574D0

      B1 = B10 + (B11*XN2) + (B12*XCO2)
      B = B0 + (B1*CSTD)
      MHC = MW - (XN2/100.D0)*28.0134D0 - (XCO2/100.D0)*44.010D0

      HN = A + (B*MHC)
C
      RETURN
      END

C***************************

C=======================================================================
C     COPYRIGHT (C) 1992, 1994 AMERICAN GAS ASSOCIATION
C     ALL RIGHTS RESERVED
C     COPYRIGHT APPLIES TO ALL SUBPROGRAMS
C
C     FOR INFORMATION CONTACT:
C         DR. JEFFREY L. SAVIDGE
C         GAS RESEARCH INSTITUTE
C         8600 W. BRYN MAWR AVE.
C         CHICAGO, IL 60631
C         PHONE (312) 399-8100, FAX (312) 399-8170
C
C     OR: MS. LORI TRAWEEK
C         AMERICAN GAS ASSOCIATION
C         1515 WILSON BOULEVARD
C         ARLINGTON, VA 22209
C         PHONE (703) 841-8400
C
C     PROGRAM WRITTEN BY ERIC LEMMON AND STEVEN BEYERLEIN
C=======================================================================
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C     VERSION 1.2
C=======================================================================
      FUNCTION DGROSS(P, T)
C
C     PURPOSE:
C       Calculates density from the GERG model given pressure and
C       temperature.  This function uses Chambers's method and PGROSS
C       to determine the density.
C
C     DESCRIPTION OF ARGUMENTS:
C       P      - Pressure in MPa. (Input)
C       T      - Temperature in kelvins. (Input)
C       DGROSS - Molar density at P and T in mol/dm^3. (Output)
C-----------------------------------------------------------------------
      REAL*8 DHIGH, PLOW, PHIGH, TLOW, THIGH
      COMMON/LIMITS/ DHIGH, PLOW, PHIGH, TLOW, THIGH

      INTEGER IC
      REAL*8 T, P, DGROSS, PGROSS
      REAL*8 TOL, X1, X2, X3, F, F1, F2, F3

C.....Bracket density solution
      TOL = 1.D-6
      X1  = PGROSS(0.D0, T)
      X2  = PGROSS(DHIGH, T)

C.....Check the boundaries
      F1 = PGROSS(X1, T) - P
      IF (DABS(F1).LE.TOL) THEN
        DGROSS = X1
        RETURN
      ENDIF
      F2 = PGROSS(X2, T) - P
      IF (DABS(F2).LE.TOL) THEN
        DGROSS = X2
        RETURN
      ENDIF
      IF (F1*F2.GT.0.0D0) THEN
        WRITE (*,*) ' *** DGROSS:  THE ROOT WAS NOT BOUNDED ***'
        DGROSS = 0
        RETURN
      ENDIF

C.....Begin iterating
      DO 100 IC = 1, 100
        X3 = (X1*F2 - X2*F1)/(F2 - F1)
        F3 = PGROSS(X3, T) - P
        IF (MOD(IC,6).EQ.0) THEN
          DGROSS = (X1 + X2)/2.0D0
        ELSE
          IF (((F1 - F2)*(F1 - F3)*(F2 - F3)).EQ.0.D0) RETURN
          DGROSS = X1*F2*F3/((F1 - F2)*(F1 - F3))
     &           + X2*F1*F3/((F2 - F1)*(F2 - F3))
     &           + X3*F1*F2/((F3 - F1)*(F3 - F2))
          IF ((DGROSS-X1)*(DGROSS-X2).GE.0.D0) DGROSS = (X1 + X2)/2.D0
        ENDIF
        F = PGROSS(DGROSS, T) - P
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        IF (DABS(F).LE.TOL) RETURN
        IF (F*F3.LT.0.D0) THEN
          X1 = DGROSS
          F1 = F
          X2 = X3
          F2 = F3
        ELSEIF (F3*F1.GT.0.D0) THEN
          X1 = DGROSS
          F1 = F
         ELSE
          X2 = DGROSS
          F2 = F
        ENDIF
  100 CONTINUE
      WRITE (*,*) ' *** DGROSS:  NO CONVERGENCE ***'
      DGROSS = 0
      RETURN
      END
C=======================================================================
      FUNCTION PGROSS(D, T)
C
C     PURPOSE:
C       Calculates the pressure from the GERG model as a function of
C       density and temperature.
C
C     DESCRIPTION OF ARGUMENTS:
C       D      - Molar density in mol/dm^3. (Input)
C       T      - Temperature in kelvins. (Input)
C       PGROSS - Pressure in MPa. (Output)
C-----------------------------------------------------------------------
      INTEGER PROG
      REAL*8 RGAS, MWX, MW(5)
      COMMON/CONSTANTS/ PROG, RGAS, MWX, MW

      REAL*8 D, T, ZGROSS, PGROSS

      PGROSS = D*RGAS*T*ZGROSS(D, T)
      END
C=======================================================================
      FUNCTION ZGROSS(D, T)
C
C     PURPOSE:
C       Calculates the compressibility factor from the GERG model as a
C       function of density and temperature.
C
C     DESCRIPTION OF ARGUMENTS:
C       D      - Molar density in mol/dm^3. (Input)
C       T      - Temperature in kelvins. (Input)
C       ZGROSS - Compressibility factor. (Output)
C-----------------------------------------------------------------------
      INTEGER ERRNUM
      REAL*8 BMIX, CMIX, TEMP, D, ZGROSS, T

      REAL*8 X(5)
      COMMON/GROSSCOMP/ X

      ZGROSS = 0
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      CALL VIRGS(T, X, BMIX, CMIX, TEMP, 0, ERRNUM)
      IF (ERRNUM.NE.0) RETURN
      ZGROSS = 1.D0 + BMIX*D + CMIX*D*D
      END
C=======================================================================
      SUBROUTINE CHARGS(HCH,METHOD,HV,GR,X,TH,TD,PD,TGR,PGR,ZB,DB,
     &                  ERRNUM)
C
C 12-28-98 mod., KAB: HCH passed as input, and "method 3."
C
C     PURPOSE:
C       Determines the heating value of the equivalent hydrocarbon and
C       in turn uses this heating value to calculate the parameters in
C       the GERG model for the two input methods.
C
C     DESCRIPTION OF ARGUMENTS:
C       METHOD - Option number for selecting the method: (Input)
C         METHOD 1 -- Use gross caloric value (HV), relative density (Dr)
C                     and the mole fraction of carbon dioxide.
C         METHOD 2 -- Use relative density (Dr) and mole fractions
C                     of nitrogen and carbon dioxide.
C       HV     - Gross calorific heating value for the gas mixture
C                in kJ/dm^3. (Input for Method 1)
C       GR     - Relative density (specific gravity). (Input)
C       X      - An array of 5 elements containing the mole factions of:
C                X(1) - The equivalent hydrocarbon (Output)
C                X(2) - Nitrogen         (Input for Method 2)
C                X(3) - Carbon Dioxide   (Input for Methods 1 and 2)
C                X(4) - Hydrogen         (Input for Methods 1 and 2)
C                X(5) - Carbon Monoxide  (Input for Methods 1 and 2)
C       TH     - Reference temperature for heating value (K). (Input)
C       TD     - Reference temperature for molar density (K). (Input)
C       TGR    - Reference temperature for relative density (K). (Input)
C       PD     - Reference pressure for molar density (MPa). (Input)
C       PGR    - Reference pressure for relative density (MPa). (Input)
C       ZB     - Compressibility factor at 60øF and 14.73 psia. (Output)
C       DB     - Molar density at 60øF and 14.73 psia. (Output)
C       ERRNUM - Error Flag: (Output)
C         ERRNUM = 0       -- No error.
C         ERRNUM = 1 or 2  -- Iteration failed to converge.
C-----------------------------------------------------------------------
      REAL*8 B0(5,5), B1(5,5), B2(5,5), BB(0:2,0:2)
      REAL*8 C0(5,5), C1(5,5), C2(5,5)
      REAL*8 TOLD, BBMIX, CCMIX
      COMMON/VIRIAL2/ BB, B0, B1, B2, C0, C1, C2, TOLD, BBMIX, CCMIX

      REAL*8 XX(5)
      COMMON/GROSSCOMP/ XX

      REAL*8 DHIGH, PLOW, PHIGH, TLOW, THIGH
      COMMON/LIMITS/ DHIGH, PLOW, PHIGH, TLOW, THIGH

      INTEGER PROG
      REAL*8 RGAS, MWX, MW(5)
      COMMON/CONSTANTS/ PROG, RGAS, MWX, MW

      INTEGER ERRNUM, METHOD, FLAG
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      REAL*8 DGROSS, ZGROSS
      REAL*8 HCH, HV, GR, X(5)
      REAL*8 BMIX, TEMP, BCH
      REAL*8 D0AIR, Z0, Z0NEW, Z0TDPD, G1, G2, HN0, MR, HTV4, HTV5
      REAL*8 TB, PB, DB, ZB, TH, TD, PD, TGR, PGR, SUM, VIR

      TOLD   = 0
      ERRNUM = 0
CKAB      VIR    = -0.12527D0 + 5.91D-4*TGR - 6.62D-7*TGR**2
CKAB      D0AIR  = 28.96256D0/(RGAS*TGR/PGR + VIR)

      G1     = -2.709328D0
      G2     = 0.021062199D0
      HTV4   = 285.83D0
      HTV5   = 282.98D0
C-----------------------------------------------------------------------
C     Method 1 - Given the caloric value, specific gravity and
C                the mole fraction of CO2
C-----------------------------------------------------------------------
      IF (METHOD.EQ.1) THEN
        Z0     = 1.D0
        Z0TDPD = 1.D0
 300    HN0   = HV*Z0TDPD*RGAS*TD/PD*(1.D0 + 1.027D-4*(TH - 298.15D0))
        MR    = GR*Z0*RGAS*TGR/PGR*D0AIR
        SUM   = X(3)*(MW(2) - MW(3))
     &        + X(4)*(MW(2) - MW(4) + G2*HTV4)
     &        + X(5)*(MW(2) - MW(5) + G2*HTV5)
        X(1)  = (MR - G2*HN0 - MW(2) + SUM)/(G1 - MW(2))
        X(2)  = 1.D0 - X(1) - X(3) - X(4) - X(5)

        FLAG = 0
        IF (X(2).LT.0) THEN
          FLAG = 1
          X(2) = 0
          X(1) = 1.D0 - X(2) - X(3) - X(4) - X(5)
        ENDIF

        HCH   = (HN0 - X(4)*HTV4 - X(5)*HTV5)/X(1)
        IF (HCH.LT.0) HCH = 0
        MW(1) = G1 + G2*HCH
        BCH   =  BB(0,0) + TD*(BB(0,1) + BB(0,2)*TD)
     &        + (BB(1,0) + TD*(BB(1,1) + BB(1,2)*TD))*HCH
     &        + (BB(2,0) + TD*(BB(2,1) + BB(2,2)*TD))*HCH**2.D0
        CALL VIRGS(TD, X, BMIX, TEMP, BCH, 1, ERRNUM)
        Z0TDPD = 1.D0 + BMIX*PD/RGAS/TD
        BCH   =  BB(0,0) + TGR*(BB(0,1) + BB(0,2)*TGR)
     &        + (BB(1,0) + TGR*(BB(1,1) + BB(1,2)*TGR))*HCH
     &        + (BB(2,0) + TGR*(BB(2,1) + BB(2,2)*TGR))*HCH**2.D0
        CALL VIRGS(TGR, X, BMIX, TEMP, BCH, 1, ERRNUM)
        Z0NEW = 1.D0 + BMIX*PGR/RGAS/TGR
        IF (DABS(Z0/Z0NEW - 1.D0).GT.0.5D-10) THEN
          Z0 = Z0NEW
          GOTO 300
        ENDIF

        X(2) = 1.D0 - X(1) - X(3) - X(4) - X(5)
        IF (X(2).LT.0 .OR. FLAG.EQ.1) THEN
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          WRITE (*,*) 'CONFLICTING VALUES OF RELATIVE DENSITY, ',
     &                'HEATING VALUE, AND '
          PAUSE 'CARBON DIOXIDE CONTENT'
          ERRNUM = 3
          RETURN
        ENDIF

C-----------------------------------------------------------------------
C     Method 2 - Given the specific gravity and the mole fractions of
C                N2 and CO2
C-----------------------------------------------------------------------
      ELSEIF (METHOD.EQ.2) THEN
        Z0    = 1.D0
        X(1)  = 1.D0 - X(2) - X(3) - X(4) - X(5)
 100    MR    = GR*Z0*RGAS*TGR/PGR*D0AIR
        MW(1) = (MR - X(2)*MW(2) - X(3)*MW(3)
     &        - X(4)*MW(4) - X(5)*MW(5))/X(1)
        HCH   = (MW(1) - G1)/G2
        BCH   =  BB(0,0) + TGR*(BB(0,1) + BB(0,2)*TGR)
     &        + (BB(1,0) + TGR*(BB(1,1) + BB(1,2)*TGR))*HCH
     &        + (BB(2,0) + TGR*(BB(2,1) + BB(2,2)*TGR))*HCH**2.D0
        CALL VIRGS(TGR, X, BMIX, TEMP, BCH, 1, ERRNUM)
        Z0NEW = 1.D0 + BMIX*PGR/RGAS/TGR
        IF (DABS(Z0/Z0NEW - 1.D0).GT.0.5D-10) THEN
          Z0 = Z0NEW
          GOTO 100
        ENDIF

C-----------------------------------------------------------------------
C     Method 3 - Given HCH.
C-----------------------------------------------------------------------
      ELSEIF (METHOD.EQ.3) THEN
        HCH = HCH

      ENDIF

      IF (ERRNUM.NE.0) RETURN

C.....Find the virial coefficient constants for pure hydrocarbon
C.....using the caloric value.
      B0(1,1) = BB(0,0) + HCH*(BB(1,0) + BB(2,0)*HCH)
      B1(1,1) = BB(0,1) + HCH*(BB(1,1) + BB(2,1)*HCH)
      B2(1,1) = BB(0,2) + HCH*(BB(1,2) + BB(2,2)*HCH)
      C0(1,1) = -0.302488D0  + HCH*( 0.646422D-3 - 0.332805D-06*HCH)
      C1(1,1) =  0.195861D-2 + HCH*(-0.422876D-5 + 0.223160D-08*HCH)
      C2(1,1) = -0.316302D-5 + HCH*( 0.688157D-8 - 0.367713D-11*HCH)

CKAB      XX(1) = X(1)
CKAB      XX(2) = X(2)
CKAB      XX(3) = X(3)
CKAB      XX(4) = X(4)
CKAB      XX(5) = X(5)
      TLOW  = 263.D0
      THIGH = 338.D0
      PLOW  = 0.5D-9
      PHIGH = 12.D0
      DHIGH = 8.D0
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CKAB      DB = DGROSS(PGR, TGR)
CKAB      MWX = GR*D0AIR/DB

C.....ZB=Compressibility factor at base conditions, TB and PB
C.....Base Conditions: 60.0 Degrees Fahrenheit, 14.73 psia
CKAB      TB = (60.D0 + 459.67D0)/1.8D0
CKAB      PB = 14.73D0*6894.757D0/1000000.D0
CKAB      DB = DGROSS(PB, TB)
CKAB      ZB = ZGROSS(DB, TB)
      END
C=======================================================================
      SUBROUTINE PARAMGS
C
C     PURPOSE:
C       Sets up constants used by the GERG model.
C-----------------------------------------------------------------------
      INTEGER PROG
      REAL*8 RGAS, MWX, MW(5)
      COMMON/CONSTANTS/ PROG, RGAS, MWX, MW

      REAL*8 B0(5,5), B1(5,5), B2(5,5), BB(0:2,0:2)
      REAL*8 C0(5,5), C1(5,5), C2(5,5)
      REAL*8 TOLD, BBMIX, CCMIX
      COMMON/VIRIAL2/ BB, B0, B1, B2, C0, C1, C2, TOLD, BBMIX, CCMIX

C.....Store fluid information - Nitrogen is index 2, CO2 is index 3,
C     Hydrogen is index 4, CO is index 5, and the hydrocarbon is index 1.
      RGAS  = 8.31451D-3
      MW(2) = 28.01350D0
      MW(3) = 44.010D0
      MW(4) = 2.0159D0
      MW(5) = 28.01D0
C.....Assign virial coefficient constants for N2 and CO2.
      B0(2,2) = -0.144600D0
      B1(2,2) =  0.740910D-3
      B2(2,2) = -0.911950D-6
      B0(3,3) = -0.868340D0
      B1(3,3) =  0.403760D-2
      B2(3,3) = -0.516570D-5
      B0(4,4) = -0.110596D-2
      B1(4,4) =  0.813385D-4
      B2(4,4) = -0.987220D-7
      B0(5,5) = -0.130820D0
      B1(5,5) =  0.602540D-3
      B2(5,5) = -0.644300D-6
      B0(2,3) = -0.339693D0
      B1(2,3) =  0.161176D-2
      B2(2,3) = -0.204429D-5
      B0(1,4) = -0.521280D-1
      B1(1,4) =  0.271570D-3
      B2(1,4) = -0.250000D-6
      B0(1,5) = -0.687290D-1
      B1(1,5) = -0.239381D-5
      B2(1,5) =  0.518195D-6
      B0(2,4) =  0.012D0
      BB(0,0) = -0.425468D0
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      BB(1,0) =  0.877118D-3
      BB(2,0) = -0.824747D-6
      BB(0,1) =  0.286500D-2
      BB(1,1) = -0.556281D-5
      BB(2,1) =  0.431436D-8
      BB(0,2) = -0.462073D-5
      BB(1,2) =  0.881510D-8
      BB(2,2) = -0.608319D-11
      C0(2,2) =  0.784980D-2
      C1(2,2) = -0.398950D-4
      C2(2,2) =  0.611870D-7
      C0(3,3) =  0.205130D-2
      C1(3,3) =  0.348880D-4
      C2(3,3) = -0.837030D-7
      C0(2,3) =  0.552066D-2
      C1(2,3) = -0.168609D-4
      C2(2,3) =  0.157169D-7
      C0(3,2) =  0.358783D-2
      C1(3,2) =  0.806674D-5
      C2(3,2) = -0.325798D-7
      C0(4,4) =  0.104711D-2
      C1(4,4) = -0.364887D-5
      C2(4,4) =  0.467095D-8
      C0(1,5) =  0.736748D-2
      C1(1,5) = -0.276578D-4
      C2(1,5) =  0.343051D-7
      END
C=======================================================================
      SUBROUTINE VIRGS(T, X, BMIX, CMIX, BCH, OPT, ERRNUM)
C
C     PURPOSE:
C       Calculates the second and third virial coefficients in the GERG
C       model at the given temperature.  The coefficient constants are
C       stored in arrays and are mixed using the combining rules.
C
C     DESCRIPTION OF ARGUMENTS:
C       T      - Temperature in kelvins. (Input)
C       BMIX   - Second virial coefficient of the mixture. (Output)
C       CMIX   - Third virial coefficient of the mixture. (Output)
C       BCH    - Binary CH-CH interaction coefficient. (Input/Output)
C       OPT    - Option number: (Input)
C         OPT = 0  -- Calculate BCH.
C         OPT = 1  -- Use BCH from input.
C       ERRNUM - Error Flag: (Output)
C         ERRNUM = 0       -- No error.
C         ERRNUM = 1 or 2  -- Iteration failed to converge.
C-----------------------------------------------------------------------
      REAL*8 B0(5,5), B1(5,5), B2(5,5), BB(0:2,0:2)
      REAL*8 C0(5,5), C1(5,5), C2(5,5)
      REAL*8 TOLD, BBMIX, CCMIX
      COMMON/VIRIAL2/ BB, B0, B1, B2, C0, C1, C2, TOLD, BBMIX, CCMIX

      REAL*8 T, E, F, BMIX, CMIX, X11, X22, X33, X44, X55, X(5)
      REAL*8 C11, C22, C33, C23, C32, C15, C44
      REAL*8 BCH, BN2, BCO2, BH2, BCO
      REAL*8 B12, B13, B14, B15, B23, B24
      INTEGER OPT, ERRNUM
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      ERRNUM = 0

C.....Calculate the second virial coefficient
      IF (T.EQ.TOLD) THEN
        BMIX = BBMIX
        CMIX = CCMIX
        RETURN
      ENDIF
      X11 = X(1)*X(1)
      X22 = X(2)*X(2)
      X33 = X(3)*X(3)
      X44 = X(4)*X(4)
      X55 = X(5)*X(5)
      IF (OPT.EQ.0) BCH = B0(1,1) + T*(B1(1,1) + B2(1,1)*T)
      BN2  = B0(2,2) + T*(B1(2,2) + B2(2,2)*T)
      BCO2 = B0(3,3) + T*(B1(3,3) + B2(3,3)*T)
      BH2  = B0(4,4) + T*(B1(4,4) + B2(4,4)*T)
      BCO  = B0(5,5) + T*(B1(5,5) + B2(5,5)*T)
      IF (BCO2*BCH.LT.0.D0) THEN
        PAUSE 'VIRGS:  SQRT NEGATIVE'
        ERRNUM = 1
        RETURN
      ENDIF
      B12  = (0.72D0 + 1.875D-5*(320.D0-T)*(320.D0-T))*(BN2 + BCH)/2.D0
      B13  = -0.865D0*DSQRT(BCO2*BCH)
      B14  = B0(1,4) + T*(B1(1,4) + B2(1,4)*T)
      B15  = B0(1,5) + T*(B1(1,5) + B2(1,5)*T)
      B23  = B0(2,3) + T*(B1(2,3) + B2(2,3)*T)
      B24  = B0(2,4)
      BMIX = BCH*X11 + BN2*X22 + BCO2*X33 + BH2*X44 + BCO*X55
     &     + 2.D0*B12*X(1)*X(2) + 2.D0*B13*X(1)*X(3)
     &     + 2.D0*B14*X(1)*X(4) + 2.D0*B15*X(1)*X(5)
     &     + 2.D0*B23*X(2)*X(3) + 2.D0*B24*X(2)*X(4)

C.....Since methods 1 and 2 change X(1) and BCH, TOLD must not
C       be initialized until after the two methods have been set up.
C       During their setup, OPT is equal to one.
      IF (OPT.EQ.1) RETURN
      TOLD = T
      BBMIX = BMIX

C.....Calculate the third virial coefficient
      E    = 0.92D0 + 0.0013D0*(T - 270.D0)
      F    = 1.D0/3.D0
      C11  = C0(1,1) + T*(C1(1,1) + C2(1,1)*T)
      C22  = C0(2,2) + T*(C1(2,2) + C2(2,2)*T)
      C33  = C0(3,3) + T*(C1(3,3) + C2(3,3)*T)
      C44  = C0(4,4) + T*(C1(4,4) + C2(4,4)*T)
      IF (C11.LT.0 .OR. C33.LT.0) THEN
        WRITE (*,*) 'INVALID TERM IN VIRGS'
        ERRNUM = 1
        RETURN
      ENDIF
      C15  = 3.D0*(C0(1,5) + T*(C1(1,5) + C2(1,5)*T))
      C23  = 3.D0*(C0(2,3) + T*(C1(2,3) + C2(2,3)*T))
      C32  = 3.D0*(C0(3,2) + T*(C1(3,2) + C2(3,2)*T))
      CMIX = C11*X11*X(1) + C22*X22*X(2) + C33*X33*X(3) + C44*X44*X(4)
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     &     + C23*X22*X(3) + C32*X33*X(2) + C15*X11*X(5)
     &     +      E*3.D0*X11* X(2)     *(C11*C11*C22)**F
     &     +      E*3.D0*X22* X(1)     *(C11*C22*C22)**F
     &     + 0.92D0*3.D0*X11* X(3)     *(C11*C11*C33)**F
     &     + 0.92D0*3.D0*X33* X(1)     *(C11*C33*C33)**F
     &     + 1.20D0*3.D0*X11* X(4)     *(C11*C11*C44)**F
     &     + 1.10D0*6.D0*X(1)*X(2)*X(3)*(C11*C22*C33)**F
      CCMIX = CMIX
      END


